6 877
— \\\T\‘\\\\\\\l\ \\\\\\\\\\\\\ M coommrrmmem— AcARD-R-345

T»
U

n

b3

®?

[+ 4

[a] s

[+ 9
g ADVISORY GROUP FOR AEROSPACE RESEARCH & DEVELOPMENT
, {1 < 7 RUE ANCELLE, 92200 NEUILLY-SUR-SEINE, FRANCE

AGARD ADVISORY REPORT 345

A Selection of Test Cases for the
Validation of Large-Eddy Simulations

of Turbulent Flows

(Quelques cas d’essai pour la validation de la simulation des
gros tourbillons dans les écoulements turbulents)

Report of the Fluid Dvnanucs Panel Working Group 21.

— —  NORTH ATLANTIC TREATY ORGANIZATION

t Published Aprit 1998

Distnbution and Availability on Back Cover




— — wmsz AGARD-AR-345

o ZA\GRANRY D)

ADVISORY GROUP FOR AEROSPACE RESEARCH & DEVELOPMENT
7 RUE ANCELLE, 92200 NEUILLY-SUR-SEINE, FRANCE

AGARD ADVISORY REPORT 343

| A Selection of Test Cases for the
] Validation of Large-Eddy Simulations
of Turbulent Flows

(Quelques cas d’essai pour la validation de la simulation des gros tourbillons
dans les ¢coulements turbulents)

Report of the Fluid Dynamics Pavel Working Group 21.

8

i 98-

_ / \\ __ North Atlantic Treaty Organization
\\ / Organisa.vun au Traité de I'Atlantique Nord

“ﬁ




..

The Mission of AGARD#*

According to its Charter, the mission of AGARD is to bring together the leading personalities of the NATO nations in the
ficlds of science and technology relating to acrospace for the following purposes:

— Recommending effective ways for the member nations o use their researeh amd deselopment capabilities Tor the
commeon benefit of the NATO communiy;

Provid.ng scientific and weehnical advice and assistanee to the Military Commitiee in the fickl of acrospace rescarch
and development (with particulur regard to it military application).

Continuously stimulating advances in the acrospace sciences relevant to strengthening the common defence posture:
~— Improving the co operation among member nations in acrospace research and development:
— Exchange of scientific and technical information:
— Providing assistance to member naiions for the purpose of increasing their scienmific and technical poiential:

— Rendering scientific and technical assistance, as requested. to other NATO bodies and to member nations in
connection with research and developmient problems in the acrospace field.

The highest authority within AGARD is the National Delegates Boara consisting of officially appointed  sepior
representatives from cach member nation. The mission of AGARD is carried out through the Panels which are camposed of
expeits appointed by the National Delegates, the Consultant and Excihange Programme and the Acrospace Applications
Studies Programme. The results of AGARD wark are reported to the member nations and the NATO Authorities through the
AGARD scries of publications of which this is one.

Participation 11 AGARD activities is by mvitation only and is normally himiied to etizens of the NATO nations,

* AGARD merged with the Defence Rescarch Gronp of NATO tHRGron | Fanuars 1998 16 form the Research and Sechnolors Ousamzation (RTO)
of NATO. However, both AGART and DRG will continue e issie pubhicanons under thes awn mames inrespeet of work performed e 1997

The content ot this publication has been reproduced
directly from material supphed by AGARD or the anthor

Primed on recveled paper

Published April 1998

Copyright ©@ AGARD 19498
All Rights Reserved

ISBN 92836 1072-5

7
——
Printed by Canada Communication Gronpy Inc.
(A St Joveph Corparation Comnprny)
A8 Sucreé Cager Blvd L il (Qudbe ), Canada WA 087




)

N

i

S F

A Selection of Test Cases for the Validation of
Large-Eddy Simulations of Turbulent Flows

(AGARD AR-345)

Executive Summary

Qur ability to optimize the performance of civil and military aircraft is limited by thc current
understanding of complex turbulent processes. Progress in turbulence modeling and simulation has
been hampered by the lack of well documented. systematically verified, experimental and numerical
data bases of relatively simple building block flows for the validation of computational methods.

The two basic ways of computing turbulence have traditionally been direct numerical simulation (DNS)
and Reynolds-averaged (RANS) modelling. In the former. the full. time-dependent, Navier-Stokes
equations are solved numerically, essentially without approximations. The results are equivalent to
experimental ones. In the latter, only the stationary mean flowv is computed, and the effect of the
unsteady turbulent velocity tluctuations is modelled according to a variety of physical approximations.

It was realized early that direct numerical simulations were too expensive for most cases of industrial
interest, while Reynolds-averaged modelling was too dependent on the characteristics of particular
flows 1o be used as a micthod of general applicability.

Large-eddy simulations (LES) were developed as an intermediate approximation between these two
approaches, the general idea being that the large, non-universal, scales of the flow were to be computed
explicitly, as in DNS, while the small scales were modelled. The hope was that the small scales. which
arc removed from the flow inhomogencities and particular boundary conditions by several steps of the
turb]ent cascade, would be universal (independent of the particular flow) and 1sotropic enough for a
single simple model to be able to represent them in all situations.

The data contained in the present collection are intended for the validation of large-eddy simulations of
turbulent flows, cspecially at the fundamental level of mod:1 development rather than at the level of
complete codes, They therefore include relatively few ‘complex” flows. consisting instcad of ‘building-
block’ experiments documented in as much detail as possible. These should also be useful for the
validation of RANS . nd for the preliminary evalumion of experiments or turbulence theories. They
include both laboratory experiments and direct numerical simulations.

Chapter 1 gives an overview of the present stage of large-eddy simulation, and of the similarities and
differences between laboratory and numerical data. Tts purpose is to describe the general organization
of the data base. to summarize the different aspects of LES and of valid-iion, and to give an idea of the
quality and precision that can be eapected from ihe data, Chapter 2 describes {ilienng meibods and
assaciated {ile formats.

Chapters 3 to 8 deal with the six flow categories, ranging from homogenecus to complex. in which the
data have been classified. Eacn chapter includes an introduction discussing the data, their reliability,
and how representative they arc of the information presently available for those particular classes of
flows. Each one is followed by a synoptic table of the data sets corresponding to its category.

These introductory chapters are complemented by data sheets, organized in the same group mentioned
above, describing in detail cach data set, the experimental or numerical procedures, the expected errors,
and the mitial and boundary conditions.

The data themselves are given m machine-readable form in the CD-ROM that accompanices the present
report.
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Synthese

Notre capacité d'optimiser les performances des adronefs civils et militaires est Inmitée par I'état actuel de
nos connaissances des phénomenes turbulents complexes. Les progres dans Je damaine de fa maodélisation
de la turbulence ont ¢¢ entravés par le manque de bases de donndes expérimentales et numériques
relativement simples sur des écoulements de base. bien documentées et systématiquement vérifides, pour
permettre ia validation des méthodes de caleul.

Les caleuls d'écoulements turbulents sont traduionnelfement effectués soit | w Simulation Numérigue
Dirccte (DNS), soit par moddlisation des équations de Navier-Stokes moyennces (RANS). La premicre
méthode consiste & résoudre numériquement les équations de Navier-Stokes instationnaires complétes,
pratiquement sans approximation. Les résultats sont équivalents & des résultats d'expériences. La seconde
approche permet sculement de caleuler les ¢ty movens stationnaires, alors que les fluctuations
instationnaires turbulentes de I'écoulement sont modélisées moyennant un certain nosmhre dapproxinmitions
physiques.

Les simulations directes sont rapidement apparues trap coliteuses pour ¢te utilisdées dans la plupart des
applications industricles, tandis que tes modélisations basées sur les moyennes en un point apparaissent
souvent trop dépendantes des caractéristiques des écoulements pour permiettre une application généralisée.
Ainsi, les simulations de grands tourbillons (LES) ont ¢t¢ développées selon une approclic intermédiaire
entie la sinlation oumdrique directe et la modélisation des équations de Navier Stokes moyenndes. Lidée
de base est de caleuler explicitement comme dans Jes DNS les grandes échelles, de caractére non-universel,
ct de modéliser les petites éehelles. On peat en effet s"attendre & ce que les petites échelles deviennent
pragressivement indépendantes des hétérogénéités de Fécoulement et des conditions aux Himites ¢t suivent
un comportement quasi-universel et suffissamment isotrope pour qu'un modéle relitivement simple puisse
les représenter de toutes les configurations envisagdées,

Les informations regroupées dans la présente base de donndes sant destinées & La validation de caleuls
d'découlement turbulents par simualation des grands tourbillons (LES), en particulier sur le plan fondamental
de développement des madeles, plutdgt que sur eclui de L validation de codes complets. En conséquence, la
buse de donnédes contient reqativement peu découlements “complexes™, mais est principalement constituée
de données les plus détillées possibles sur des écoulements “élémentaires™, Ces dernidres devraient
Epalement servir & la validation des moceles RANS et & I'évaluation prétiminaire d expériences de
laboratoire, ou de théories de Ia turbulence. Elles peuvent étre issues d eapériences physiques ou de caleuls
par Simulation Numérigue Directe,

Le chapitre I présente un rapide panorama de état actuel de la simulation des grands tourbillons, et des
similitudes et différences entre fes donndes isstes de mesures physiques ¢f tes calends, Lobjectif est de
décrire organisation générale de Ta base de donpées, de résumer les différents aspects des LES et de donner
un apergu de la gualité et de Ja précision que on peut en attendre. Le chapitre 2 deerit la méthode de filtrage
et les formats des fichiers associds.

Les chapitres 3 a 8 taitent des six catégortes d'éeoulements. des plus homogenes aux plus complexes.
retenues pour la base données. Chaque chapitre est précédé dune introduction qui présente les données, ¢t
déerit Teur fabilitd ainst que leur degid de représentativite pour Te type d'éconlement considéré, Un
sommaire présentant les diverses configurations d'écoulement sous forme de tablean récapitulatii est donne
a Ia fin de chaque chapitre.

Pour les six catégories d'¢ecoulement retenues, une séne de fiches documentaires individuelles est fournic i
la suite des chapitres de présentation. Ces liches présentent en détail chaque configuration. Tes méthodes
d’obtention des donndes (i partir d expériences physiques ou & partir de simulations numériques ditectes),
les précisions ¢t les conditions initiales et aus limites. Les donnédes elless mémes sont {ournies sous forme de
tichiers archivés sur un disque CDROM accompagnant le présent rapport.
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Chapter 1: An overview of LES validation

Javier Jiménez
School of Aecronautics, Universidad Politécnica, 28040 Madrid, Spain
and Centre for Turbulence Rescarch, Stanford CA 94305, USA

1.1 Introduction

The two basic ways of computing turbulence have tradi-
tionally becn direct numerical simulation (DNS) and Reyn-
olds-averaged (RANS) modelting. In the former the full,
lime-dependent, Navier-Stokes equations are solved nu-
merically, essentially without approximations. The results
are equivalent to experimental ones, although with a differ-
ent set of limitations and advantages which are briefly dis-
cussed below. In the latter, only time scales much longer
than those of the turbulent motion are computed, and the
effect of the unsteady turbulent velocity fluctuations is mod-
elled according to a variety of physical approximations.

In arelatively recent development, the requirement of time-
scale separation in RANS is sometimes relaxed, allowing
the mean flow to evolve according to its natural instabil-
ities. In these ‘URANS' computations, the resolved flow
is usually taken to be unsteady and two-dimensional, and
a model is applied to account for the effects of turbulence.
Two-dimensional flows behave very differently from three-
dimensional ones, and this approximation is probably only
reasonable in those cases in which two-dimensional large-
scale structures dominate the real flow [53].

It was realized early that direct numerical simulations were
too cxpensive to be used in most cases of industrial in-
terest, being limited to relatively modest Reynolds num-
bers, while Reynolds-averaged modelling was too depen-
dent on the characteristics of particular flows to be used
as a method of general applicability. Large-eddy simula-
tions (LES) were developed as an intermediate approxima-
tion between these two approaches, the general idea be-
ing that the large, non-universal. scales of the flow were to
be computed eaplicitly, as in DNS, while the small scales
were modelled. The hope was that the small scales, which
are removed from the flow inhomogeneities and particular
boundary conditions by several steps of the turbulent cas-
cade, would be universal and isotropic enough for a single
simple model to be able to represent them in all situations.

The data contained in the present collection are intended
for the validation of large-eddy simulations of turbulent
flows, especially at the fundamental level of model devel-
opment rather than at the level of complete codes. They
therefore include relatively few ‘complex’ flows, consist-
ing instead of ‘building-block’ experiments documented in
as much detail as possible. They should also be uscful
for the validation of RANS and for the preliminary evalua-
tion of experiments or turbulence theories. The flows have
been classified in six different categorics, ranging from ho-
mogencous to complex, for cach of which there is a gen-
eral introduction in chapters 3 1o 8. These summaries de-

scribe the data, their reliability, and how representative are
they of the information presently available for those par-
ticular classes of flows. The data themselves are given in
machine-readable form in the CD-ROM that accompanies
the present report. Those not interested in the introduc-
tions will find lists of the data sets for each particular type
of flow in the synoptic tables at the end of the correspond-
ing chapters.

Chapter 2 discusses data filtering and formats. The pur-
pose of the present introduction is to describe the general
organization of the data base, to summarize the issues in-
volved in LES validation, and to give an overview of the
quality and accuracy that can be expected from the data.

The present states of LES and of validation are briefly re-
viewed first. The differences and similaritics between lab-
oratory and numerical data are discussed in §1.3, and the
data base itself is described in §1.4.

1.2 Large eddy simulations

In the pioneering work of [44), the separation of small
(‘subgrid’) and large scales was loosely linked to averag-
ing over computational grid elements, and was, therefore,
intrinsically dependent on the numerical implementation.

he large scale field was nevertheless described in terms of
functions of continuous spatial variables, governed by dif-
ferential equations. Schumann [188] formulated the scale-
separation problem in a mathcmatically consistent v/ay by
interpreting the subgrid quantitics as volume or surface av-
erages, linked to a particular finite-volume discretizatinn.
This implied that the large-scale variables resulting from
his approach were no longer functions of continuous space.
and they have been difficult to interpret in terms of turbu-
lence theory. Consequently, it has been the former interpre-
tation that has prevailed, although the result is that a certain
confusion of numerical and filtering concepts persists up
1o this day. The current formulation of large- versus smali-
scale quantitics was introduced in [121]. The equations are
written in terms of filtered variables,

u(z) = /g(;c, 2Nu(z') da’, e

where the kernel gz, ') is independent of the numeri-
cal discretization, and the filtered variables are considered
to be defined over continuous space. Equations for @ are
obtained by filtering the equations of mation. Whenever
nonlinear terms, like T, are encountered, the resulting
filtered quantities cannot be expressed in terms of ¥ and
the extra subgrid stresses have to be modelled. Useful re-
views of the state of the art at various times can be found in
[177. 189, 148, 61, 75, 122, 147], where the later reviews




do not necessarily supersede the older ones.

There arc many outstanding issues in LES which make the
validation of the results, and of the models themselves, es-
sential.  The most obvious ones are those related to the

physical modelling of the subgrid stresses, which is in many

cascs based on enginecring approximations, justified by Tit-
tle more than dimensional considerations. Numerical is-
sucs are also important, since most models use as input
the velocity gradients of the filiered field, which depend
on the smaliest scales resolved by the simulations, and
which are therefore strongly influenced by numerical er-
rors (71, 111]. Itis clear that filtering. modelling, and nu-
merical lechniques are interrelated {169} but in which way
is still unclear.

There are two ways to validate a given combination of
the three factors mentioned above. The simplest one is
a-posteriori testing, in which an experiment is simulated
using a complete LES code. and the predictions of the de-
sired variables (c.g. mean velocities,) arc compared to the
measurements. While agreement of this kind is probably
the ultimate goal of any simulation, this testing can only be
incomplete and is difficult to interpret,

In the first place, if the results are poor, it is difficult to de-
cide what is wrong, since any one of the many components
of the complex code may be responsible. But, even if the
agreement is good, it may be due to compensating citors,
or may only be good for the particular experiment chosen
for the test. Moreover, since the information available on
the experiments is seldom complete, some parameters have
to be guessed (e.g. boundary conditions,) and this provides
enough latitude as to sometimes mask modelling errors,
In no case is much understanding gained on the causes of
agreement or disagreement, or on possible simplifications
and improvements.

There are well-known technigues for testing code integrity
and numecrical accuracy, independently of physical consid-
erations, which are beyond our scope. An a-priori method
for testing the filtering and modelling parts of LES. in-
dependently of the numerical factors, was inwwoduced in
[35]. Assume that the full flow ficld in a given situation
is known. It is then possible to compute exactly the fil-
tered field 7 and the subgrid stresses. From @, using only
information that would be available to the LES code in a
real situation, itis also possible to compute the stresses that
would be predicted by the proposed model, and to compare
them to the actual ones derived from the data.

True a-priori testing requires actual flow ficlds. which are
usually only available from direct numerical simulations
(sce however [145)). It has proved 1o be impractical o in-
clude such ficlds in the present data base. A single DNS
snapshot, at the moderate Reynolds numbers relevant to
large-eddy simulations, requires several hundred Mbytes
of data, and reasonable statistics imply at least (10) such
ficlds. Including a-priori data even for the few simple
flows which are presently available would have needed ap-
proximatcly 100 Ghytes of data, and several hundred CD-
ROMs. The data in this collection are therefore not ap-

propriate for a-priori testing., although a few filteved fickds
have been included to be used as ‘standard’ inital and in-
flow conditions in simulations.

The results of a-priori testing have proved disappointing in
those cases in which it has heen tried. The subgrid stresses
predicted by most models turn out to be only poorly corre-
lated with those measured from the filtered fields [35. 8], in
spite of which some of those madels are very successful in
a-posteriori performance. The reason seems to be. at least
in parl, that only the mean stresses are necded to compute
the mean flows, and that mean values and integral quanti-
ties are betier correlated than instantancous ones. Also a
certain fraction of the shear stresses is carried by the re-
solved large scales and - ses not have to be modelied.

In selecting the present validation cases we have chosen
an intermediate path between the data needed for a-priori
testing, which we cannot provide, and those sufficient for
a-posteriori verification, which we have argued to be in-
complete, We have taken the view that LES, cven if it is
only an imperfect representation of (rue turbulence physics,
should at least predict those quantitics associaled with the
large scales of the flow. In particular. wrbulent intensi-
tirs and other Reynoids stresses have to be reasonably well
madelled if the LES equations are to be correctly closed. It
is shown in chapter 2 that the computation of the Reynolds
stresses of a filtered field requires the knowledge of the
two-point correlation function of the velocities in the Tull
field. This is a high-dimensional quantity which has nat
been reported in most experiments, but an effort has been
made to include it whenever available. In most cascs, this
is only true for numerical simulations, but at least one case
(SHLO4) corresponds to a laboratory expenment. From
these correlations, it is possible for a maodeller, using an
arbitrary filter, to compute one-point, sccond-order statis-
tics of the filtered field. and to compare them to the mean
stresses predicted by his model.

An attempt to provide even more detailed data has been
made in the case of some homogencous flows in chapter
3. Aot of information on the structure of the velocity
fluctuations is contained. for those flows. in the probability
density functions (p.d.f) of the velocity differences across
a given distance. For large distances, this is a large-scale
quantity, and should be predicted by any LES which pre-
serves the structure of those scales. It is shown in chapter
3 that the p.d.f.s in filtered fields are the same as those in
fully resolved ones, as long as the filter width s sufficiently
smaller than the distance across which the velocity differ-
ences are measured, and it should be possible to use them
totest which scales are well modelled by a given technique,
and which onces are not. Again. results from numerical sim-
ulations and laboratory experiments are included.

1.3 Numerical vs. Jaboratory experiments

In this data base we have included both numerical (DNS)
and laboratory experimental data. They are treated on the
same footing as ‘true’, in the sense that both are only sub-
ject to strumental” errars that can be reduced with rea-
sonahle procedural care.




However, the imitations and uncertainties of both types of
data arc differcnt, and they should be taken into account
when using them for validation.

The general magnitude of the experimental errors that cai
be expected from hot wirc measurements is discussed in
chapter 3 (§3.1.3), in the context of homogeneous flows.
Chapter 6 (§6.1) extends the discussion to the cascs of frec
shear layers and jcts, where the errors tend to be higher
because of the large relative turbulence intensities, espe-
cially near the low-speed edge of the flows. This latter
chapter also examines the uncertainties in Laser Doppler
velocimetry, which deals better with high turbulence in-
tensities, but which has its own set of errors due to limited
seeding densitics and to particle lag. The latter effect is es-
pecially troublesome in supersonic flows invelving shock
waves. The errors in numerical simulations are bricfly dis-
cussed in §3.1.3, and each data set description sheet con-
tains, as far as possible, its own error cstimation.

The absolute error magnitudes are roughly comparable for
numerical and experimental data. Mean first-order quan-
titics should be accurate to a few percent, but second or-
der quantities, intensitics and correlations, may be off by
10% or more. The cause of the errors is however differ-
ent. While laboratory uncertainties are mainly instrumen-
tal, numerical ones tend to be statistical. Laboratory ex-
periments work with Jong data records. often only approx-
imately measured, while numerics have very small ‘mea-
swrciment’ uncertaintics, but deal with samples which are
severely limited in size and number. In particular, the few
{ull flow ficlds which are included in the data basc repre-
sent single realizations of a random process, and can only
serve as ‘typical’ initial conditions for computations. They
arce not necessarily represcntative of the average staie of
their flows, and it is not advised to use them in that capa:-
ity, such as for a-priori testing.

There are other important differences between experimen-
tal and numerical data. The former tend to be fairly un-
constrained, with walls, entry and cxit conditions relatively
far away from the flow itself, but those conditions tend to
be poorly documented. There are, for example, very few
cases in which information is available on the state of the
boundary layers on the side walls, or on the downstream
boundary conditions.

Such information is important in simulations. and most
numerical data are well documented in this respect, but
their boundary conditions tend to be artificial and relatively
‘tight” with respect to the interesting parts of the flow. In
many cases, for example, the size of the largest scales of
numerical turbulence is pushed to the limit in which it is of
the same order as the numerical box, which Yas an impact
both on their behaviour and on the statistical significance
ol the data.

This difference in boundary conditions means that the nu-
merical simulations and the laburatory experiments repre-
sent different flows, even when they both uy to approxi-
mate the same ideal situation. Decaving grid turbulence
and numericai simulations of triply periodic boxes, for in-

slance, both try to appreximate isotropic turbulence, but
both approximations are imperfect and different from one
another. The same is true of spatially giowing mixing lay-
ers in finite wind tunnels, and of temporally growing ones
in strcam- and span-wise periodic boxes. Both are approx-
iniations to an infinite sclf-similar turbulent mixing layer,
but different ones.

I this sense the numerical data sels are better suited to
be used in model validation, because the LES are likely to
share with them many of the Jimitations in box size and
the antificial boundary conditions, and because the latter
are usually better documented in DNS than in laboratory
experiments. In a sense, both DNS and LES are simulating
the same flows, which are slightly different from those in
the laboratory. The ultimate goal of simulations should be,
however, to reproduce the latter.

1.4 The organization of the data base

The present report consists of three parts. The first two are
contained in the printed volume, and are the set of intro-
ductory chapters and the collection of data sheets for the
individual sets. Both are organized into six categories, as
follows:

Chapter 3: Homogeneous turbulence, including strain and
rotation (HOM).

Chapter 4: Interaction of shock waves with grid wrbu-
lence (SHW).

Chapter 5: Pipcs and channels (PCH).
Chapter 6: Free shear flows (SHL).

Chapter 7: Turbulent boundary layers, especially distorted
and separating (TBL).

Chapter 8: More complex flows (CMP).

The introductory chapters should be consulted for a discus-
sion of the individual sets. Each one contains a table with a
summary of what is available, and under what namme. Each
data sct has been given a name formed by the prefix in the
previous list and by a two-digit number, and they are re-
ferred by that name throughout the data basc.

Chapter 1 is the present introduction, and chapter 2 ex-
plains how to use the data to obtain filtered quantities, and
describes some of the less obvious data formats.

The third part of the data base consists of the data them-
sclves, which are contained in machine readable form in
the CD-ROM that accompanics the printed volume. All the
files from a given set are collected in subdirectories named
aftcr the chapter and set names (e.g. chapter7/TBL10). At
the time of publication, the data are also available on-line
by anonymous fip from torroja.dmt.upm.es, in Eu-
rope, or from htep://thomasc.stanfoxd.edu in the
USA. Both sites are privately maintained, and there is no
guarantee of their permanence. They might, however, be
enhanced with new data as they becomes available.




Lt AW AR 3% RO 17 . ; Lo s - vt Ak 5 % S R T g e




Chapter 2: Data Filtering anc File Formats
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School of Acronautics, Universidad Politéenica
28040, Madrid, Spain
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Dept. Theoretical and Applied Mechanics
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Summary

The problem of providing filtered DNS or experimental
data for comparison o LES results is discussed briefly. It is
argucd that the data base should include enough informa-
tion to allow uscrs to apply their own filtering operators,
but that this is only practical for first- and sccond-order
one-point statistics. The lormer requires the inclusion in
the data base of unfiltered mean profiles or flow fields. The
latter requires the full small-separation correlation tensor,
The more complete information contained in the full spec-
tral tensor is nomally impracticatly large, except for the
particular case of isotropic turbulerce.

Data formats are also discussed, including those for the
correlation tensor in spatially inhomogencous flows.

2.1 Introduction

In Large Hddy Simulation (ILES), only the largest scales of
turhulence are simulated, leaving the smaller scales to be
modelled. Therefore, statistical guantities computed from
an LES must be interpreted as statistics of the large scales.
IFor some quantitics, such as the mean velocity and the
statistics of multi-point velocity differences (for large spa-
tial separation). there is no small-scale contribution. and
LLES should be able (o predict those well. However, for
many quantilies. such as all the single-point moments of
order higher than one, there is a small-scaie coniribution,
and the Jarge-scale values given by an LES will differ from
thuse measured in an experiment or computed in a DNS.
Thus. o properly compare an LES with a DNS or experi-
ment, it is necessary o extract the large scale statistics.

Whenever possible, the data sets in this collection include
either large-scale information in addition to the usual unfil-
tered statistics or, more often, encugh information to allow
the users to derive filtered values using their own filtering
operation. The large scales in LES are defined by means of
a spatial low-pass filter which, for a single homogencous
spatial direction. is defined through an appropriate kernel
o(a) by

u = /_q(.r — " u(x") da'. (1

The choice of kernel is complicated by the fact that, in
many LES. the filtering operation is nue explicit, but im-
plied by the presence of a diserete grid, in which case the
simulator may not even know which filter shape he s us-

ing, and therefore to which filtered quantitics to compare.

There are nevertheless several sensible choices for the fune-
tional form of g, one of the most common being Fourier
truncation, which corresponds to
sin(2az/6)
wa '

g.(2) = (2)

and which is mostly used in spectral numerical codes. Its
only parameler is the filter width 6.

Another popular choice is the box filter
go(2) = 1/25 for|zf <8, O otherwise, (3)

which is easicr 10 apply to compuiations or measuremerita
in physical, rather than spectral, space.

The specetral counterpart of the convolution (1) is mult-
plication in Fourier space. Denoting the transform of a
function of x by s capitalised symbol

U(k) = 2rG(k)U (k). )

For the two examples given above

o e i 1 if|kl<2n/8 -
2rGa(k) - { U otherwise, ()
and 1l kS
WGk = Smkd) )
kd
The transfer function is defined in the familiar way as
T(k) = 4| Gk, (7)

and, if the co-specteum of two arbitrary variables u and v
1%

Cue (k) = RURI (R, (8)

the co-spectrum of the filtered variables is given by
Ciz = T{k) Cre. 9

In the particular case of u = 1, (9) is the power spectrum
ot u. The energy or Reynolds siresses of the filtered flow
are given by the integral of (9), and differ from those of the
original flow by an amount that depends on the form af the
transfer function. LES results should be compared to the
filtered intensines, rather than to the unfiltered ones
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Since different LES simulations are run with different fil-
ters, the only way that a data base car be made useful fora
variety of users is (o include Tull specira and co-spectra
rather than fluctuation encrgies or stresses. In isotrapic
flows. co-speciva vanish and the informaion on the energy
spectrum is contuined in a single function of the wavenum-
ber magnitude & = | k. from which all other specacan he
ceduced [ 1G] Inanisotropic Nows, some of the co-specira
do not vanish, and the speetia have o be given. as much
as possible, as two- or three-dimensional functions of the
wavenumber components.

For homogencous flows, therefore, it is enough to include
the appropriate spectra and co-spectra to allow users (o de-
rive any second order one-point statistical guantity. Note
however that this information is more complete that the one
needed for the computation of the one-point statistics, and
that it may be rather large for anisotropic flows. It will be
scen below that one-point information is given more com-
pactly by the small-separation correlation function.

Note also that (9) applies only Lo second arder statistics and
cannot be used o filter higher order moments. To do so
would require higher order correlation functions with im-
practical storage requirements in all but the simplest cases.
Thus, while higher order moments and velocily p.d.is are
uscful in characterising wrbulent flows, and while the data
base includes them whenever possible. it is impractical o
provide enough information for users to derive liltered val-
ues for arbitrary filters,

2.2 Inhomogeneous flows

For inhomogencous spatial directions. the choice of filter
1s not so clear. The analog of (1) is

W= /g}(.l‘.l")ll(.z") ', (1)
with ¢ now a more complicated kernel. Tt can be writen in
a form more closely related to the homogencous case as

= / gl - Py dr' (1

where the dependence on the second argument can be con.
sidered parametric, and represents the variation of the filter
width and shape with spatial location. Furthermore, even
the filters in homogencous spatial directions may depend
on the inhomogencous coordinate. For example, in pola
coordinates for pipe low, the Bilter width in the azimuthal
direction (&p) should depend on the radial dicection (r). In
particular, 5 ~ 1/r away from r = (), with some appro-
priate regularity condition at r - ).

The question is what 1s needed o gencrate arbitnaity fit-
tered statistics in this case. The physical space dual of the
co-spectrum s the two poini correlation function

Ry a') = {ulr) (). (12)
where (-) is the ensemble averaging operator, which is usu-
ally substituted by time averaging. or by averagimg over a

suitable homogencous ditection The correlation is a fune
tan of two independent variables, o and o' and s clear

from (12), and Trom the fact ghat filiering and averaging
commulte, that the carrclation of the filtered ficld can be
obtined by Giliening is correlation function over cach of
the two independent variables,

Rov(a. 0’y = // R, (&l g, &Y dad’.

' (13)
Forx = o', we recaver the one-point second order stalis-
tics I, = (). Note that it will generally be necessary to
subiract local mean values from (13) to obtain the covari-
ance. or the fuctuating energy and Reynolds stresses. Tt s
not generally true that the mean values of the filtered and
unfiltered vanahles ave the same. but first order sttistics
can be obtained by duecetly filtering the mean profiles,

(i) = (). (L1)
In the special case of homogencous directions the corre-
lation function depends only an a single variable, ' = o,
but the double filicring operation in (13) still has ta be per-
formed to recover the second order statistics 1 we assume
that the Alter is also spatially homogencous in that direc-
tion

() -*/lf.,.(i)/i(ﬁ)(i-i.
where
h(&) - /!I(E')!/(E' 49 dg (15)
In summary, (o geaerate the hiest and second order statistics

for filtered Dow fichds, itis necessary to know the untiltered
profiles of the average velocities, and the Jull (wo-point

Joint correlation function for all the variable pairs whose

Reynolds stresses do not vanish.

The Tatter obiectcan be nher farge. For a inhomogencous
one-dimensional low field ona V-point mesh, cach corre-
Tation function is i two-dimensional object with N points.
In the extreme case of a fully three-dimensional tield with
three inhomogencousdimiensions, the correlaton would he
a six-dimensional coeet with A% paints Homaogencous
drrections add only ane dimension (o the correlation fune

tion The present data base contams no fully imhomoge-
neous flows, but there are several cases with two inhomo-
gencous and one homogencous directions, which would re-
guire A% points for the full conelation function.

Fortunatedy not all the correlation Tunction is needed if
only one-point statistics are to be computed. As noted
for bomoegencous Hows, the tull correlation contains long
range imformation which is not needed for lienng 1 we
make - (1), and assume G the wadest filier has
halt-width 71, the miegrand only adlers lrom zero inside
the squave (1€ ol < HOLE ol <0 1) The conelation
s anly needed in the union of all those squares, which is
a hand of width 24 centred along the diagonal » - 0,
For the particular example of two mhomogencous diree
tions (r. y) and one homogencous diechion (), the do-
mmn needed s
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Figure 11 The two-point correlation function of a onc-
dimensional variable is defined in a two-dimensional mesh.
symmetric with 1espeet to the diagonal. Filtered pae-point
statistics are computed by convolution with square filiers
centred on the diagonal. Only correlaticn values inside a
narrow band are needed for this operation, which can be
reduced in half using the symmetry

Note that, for data defined on inhomogencous grids, the
bands in (16), even if they have a uniform geometric width,
do not necessarily have a uniform number of paints, and
that the associated data structure needs to carry informa-
tion on the beginning and the end of each &' interval (see
figure 1),

The maximum filter width, . is a parameter o be decided
during the generation of the data base, and has been taken
as unilorm as possible, even for nonuniform flows. A rea-
sonable order of magnitude is one tenth of the relevant flow
dimenston (such as the channel half-widdh, or the boundary
layer thickness), corresponding to very coarse LES grids
with 10-20 points across that dimension.

The previous discussion applies mostly (o data originating
from direct numerical simulations. In filtering laboratory
expetiments, it is generally only possible o filter in time,
which is hontogencous in all the flows in this data base.

2.3 Data formats

As much as possible, files are sell documenting and self
contained. Small data sets are given as plain ASCH files,
which can be manipuluted, read and edited using standard
cditors. Many older editors and Fortran compilers do not
admit formatied dines longer than about 132 characters.
and those huve been avoided as much as possible.

Moreover, since many smaller systems would not edit files
larger than a fow tens of Kbytes, and Targe formatted 170
opetations are impractically stow in most computer sys-
tems, files larger that about 50 Kb are in binary *flat’ for-
mat, following the IEEL floating-point standard used by
microprocessors. There are two implementation ‘[lavours’
of this standard. which differ by the position in memory
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of the bytes within a word. The data in this collection are
in the *big-endian’ form (as used by DEC, IBM/Motorola
and SGI processors), with the high-order byte in the low-
address end. Utilities are included on the disk for convert-
ing to ‘hutle-endian’ form (as used by Intel processors).

Those utilities need to know the length of the floating point
numbers in tae file, which should theretore be fixed. Data
in binary files only contain INTEGER*4 (four bytes per
word) and REAL*4 (singlc precision tioating) data, or their
C equivalent, except as described next.

For the purpose of Jocumentation, the first few Kbytes of
each binary file are reserved for text data, in plain readable
format, which can be isolated by the Unix head command
or cquivalent, or displayed by more. This header contains:

o A firstlinc HEADERLENGTH=4096\n, giving the header

length in bytes, followed by a newline (\n} character
to allow for automatic stripping by user programs.
The length in this example (4 Kb) is cquivalent to
about 50 text lines, and should be enough in most
cuses. but somc files have longer headers.

o Tue file namc.

A short description of the data.

Basic references, including the relevant chapter in
the accompar ying printed volume,

A short description of the format.

A short piece of code or pseudo-code that can be
imbedded in a computer program to read the data in
the rest of the file.

Note that the byte-swapping utilities that translate between
the two-floating point formats will read the 'HEADER-
L.LENGTH' line and copy the header accordingly. Thus
these utilities can be used on the included binary files di-
rectly.

2.4 Correlation functions

The most complicated format is that for the correlation
function in inhomogencous flows since, as discussed in the
previous section. only a band of the multidimensional ar-
ray is needed, and the width of that band js variable. The
following is a possible data organisation within a Fortran
program, which has been followed as much as possible.
Also included is pseudo-code to be used in generating and
using the correlation function. [t is assumed that the dif-
ferent components of the tensor are included in the code
as the last running index ol the array couv. Since differ-
ent flows have a different number of non-zero components,
these are identified in the file header.

The {ollowing are the declarations

o e .
¢ assumes two inhomogeneous directions,
c x anc y, and onm homogeneous one z.
c ny, ny are grids si:zes




1 LTINS L.

c nz = H/dz is the max. filter widrh

c m = number of tensor components.

[ 1: uu’

< 2: u'v’

c 3. vy’

C etc.

c

[ xmx(i)-> index in x(*) of the highest
c il odn RUx(1),x{x:0,..)

c x0(i) ~» index in couv of

c R{x(1i),x(i),..)

¢ ymn{j)-> index in y(*) of the lowest
c ji in R, .,y(3i.y(id), ..}
c ymx(j)-> index in y(*) of the highest
c 91 in Re..,y(3),y(33),..)

c y0{(3j) -> index in couv of

c Ri..,yli),ytir, ..}

c

c the dimencions ntx, nty of the list

c couv should be large enough to

c contain the whole band for each

c variable

€ mm e e e e e e

parameter (nx, ny, nz, ntx, nty)
real x(nx),y(ny), dz

integer xmx(nx),ymn(ny),ymx(ny)
integer x0{nx),y0(ny)

real couv(ntx,nty,-nz:nz,m)

The o variation of the correlaton R ..(r, o' ..)) is stored
along the first index, ix, of the list-organised array couv,

The i-thlineof the function, correspondingtor = x (i),

is stored starting from the element ix = x0(i). which
contains the information for ¢ = . and ending at 1 =
x0{1) +xmx (1) - i. Note that we have used the symmetry
of the correlation tensor with respect ta r > a', y <+ ',
2 & 2, u v 10 avoid storing data for »' < . Forthe y
direction, we cannot use this symmetry, which makes the
indexing of the i direction slightly different. Here we have
the j-th line of the function corresponding to y = vy (§)
stored starting from the clement iy = y0(3)+ymn(7) -3,
which contains the information for ' — y{ymn(j)). and
ending at iy = y0{3)+ymx{3)-3. Finally the third in-
dex for the 2 direction, which is assumed to be bomoge-
neous with uniform grid spacing dz is simpler. For a grid
spacing dz. the correlation for 2/ = z = dz+k is stored
with index k. Thus. the information for the corrclation
R, xii) vty i) o' = 2) = R (xtiiy,
X, y(3i), y(3r.z =2 )owhere i > 1. found in

if (ii.le.xmx (i) .and. jj.ge.ymn(j}
& cand.

& jj.le.yimx(j) .and. abs(k).le.nz)
& tthen

R: couv(xD(i1+ii-i,y0(yl+99-4,k,m)
else

R= 0.
endif

where the correfation is set to zero for points outside the
stored band. For a homogencons spatial divection, there
may also be a statistical symmetry wherehy ,,,.(0. .. 20 -
L) 2Rz — 2N where the plus or mimus sign de-

pends orcthe velocity components being correlated. Tn this

case, only data for 2’ — 2 > 0 need be stored. Use of such
symmetrics is described in the header of the correlation
files.

Note that nz is not the full extent of the computational grid
in the = direction. but the expected widih of the widest fil-
ter. In some cases, especially in experiments collected with
sparse fixed sensor rakes, the spacing between the data
avaitable in some directions may be larger than the widest
expected filter, in which case nz = 1. and no filiering of
the statistics is possible in that direction.

Note finally that the collection of relinble corrclation func-
tions requires large amounts of data which are not always
available, and that uscrs should be aware of the possibility
of larger error bars in these guantitics.
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3.1 Introduction
3.1.1 The basic configurations

By definition, wurbulence is honogeneous if its statistical
propertics (with the occasional exclusion of the first mo-
ments) are invariant under translation of the origin of the
coordinate system. This implies that, ideally, such a flow
should be unbounded. Simple analysis further shows that
non-trivial turbulence cannot be both homogeneous and
stationary (i.c. with statistical properties which are invari-
ant under shifts of the time origin). Neither experiment
nor conmputation produces exactly homogeneous flows, but
hoth introduce a number of approximations, Notwithstand-
ing such limitations, it is convenient to maintain this term
in order to distinguish some relatively simple flow config-
urations from more complex oncs. In the following, the
term *homogeneous’ will denote several classes of approx-
imately homogencous flows, which approximate, to some
degree, the theoretical notion of unbounded, exuactly ho-
mogencous turbulence. Furthermore, there is a difference
between experimental and simulated homogencous turbu-
fence: in experiments. usually conducted in steadily oper-
ating wind-tunnels, turbulence is, at best, rransversely ho-
mogencous but changes statistically along the direction of
the mean stream: in DNS, turbulence is nearly homoge-
neous within the computational domain but it is allowed
to change, statistically, with time. The usual convention
is that wind-tunnel turbulence can be considered as nearly
homogeneous in a frame convected with the mean speed,
if its statistical propertics do not vary appreciably within a
volume which is small compared to the dimensions of the
apparatus, but large compared to the size of the most ener-
getic turbulent eddies. Then, one can follow the temporal
evolution of this flow in terms of the inean convection time,
which is proportional to the streamwise distance from an
actual or eflective flow origin,

Turbulence can only be homogencous if its produciion rate
is uniform in space; similarly, wansverscly homogencous
turbulence can only be preserved if its production rate s
uniform on a transverse plane. The simplest possible case
occurs when the turbulence production rate vanishes ev-
erywhere, in which case the turbulent kinevie ¢ {crp,y woeuld
decay, Another relatively simple configuration is the (rec-

tilinear) homogeneous shear flow, also known as uniformiy
sheared flow. Various relatively mild distortions from these
‘pure’ configurations, such as uniform strain and/or stream-
line curvature, can also be included within each class. Geo-
metrical distortions of the flow domain or additional strain
rales may introduce additional production terms io the Reyn-
olds stress balance equations, or affect production implic-
itly by modifying the turbulent shear stress. Of special in-
terest in many applications, including flows in turboma-
chinery and planctary flows, arc the effects of rotation,
Rotation introduces centrifugal and Coriolis accelerations,
which affect the turbulent kinctic energy und the turbu-
lence structure.  Rotation, curvalure and buoyancy have
been identified as analogous mechunisms, so, with pro-per
care. knowledge of the effects of one mechanism may be
used to understand the effects of the others.

Homogeneous turbulence has been studied by all available
means for as long and as inteosely as any other class of
fows. Its obvivusly appealing features arc the relative sim-
plicity of the statistical equations of motion and the lack of
interfering factors, such as wall and entrainment effects. In
particular, its subclass of homogencous and isorropic (i.c.
one whose statistical properties are invariant under rota-
tions and reflections of the coordinate system) turbulence
is mathcmatically the simiplest possible turbulence that can
be devised. On the other hand. the argument has also been
made that lack of production and preferential orientation of
the turbulent eddies complicates rather than simplifics the
turbulence structure. Another drawback of homogencous
flows is that they do not occur in nature or in technology,
which reduces their direct applicabiiity. Despite these lim-
itations, homogencous flows continue to play a very im-
portant role in the advancement of turbulence research and
maintain a firm position as test cases for the adjustment
and verification of new theories and models.

3.1.2  The reported parameters

Although, idcally, all measurcd and computed values of
cach parameter should correspond to the same or equiv-
alent mathematical definitions. in practice, discrepancics
have been introduced in the lilerature, either by the use
ol differen definitions or by differcnt types of approxima-
tion to the originud definition. To avoid any confusion, it
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scems worthwhile to summarize the definitions and mea-
surement/computation procedures used for the main pa-
rameters reporied in the present chapter.

Experiments

The mean and rans. velocity components are routinely

computed by time or ensemble averaging ol the correspord-

ing fluctuating signals. The integral lengih scales are for-
nally defined as the integrals of the corresponding two-
point correfation cocflicients: for example, the streamwise
integral length scale, which is by far the most commonly
reported, is defined as
N
L= R (. 0,0)dr.

0
In practice, however, this seale is usually computed by
integrating the streamwise auto-correlation cocflivient te
its first zero, or Lo near zero values, in combination with
Taylor's frozen flow approximation. Occasionally, integral
length scales have been estimated from one-dimensional
speetra (see below). The measurement of the Taylor mi-
croscale, A, could also be a source of confusion. The orig-
inal definition [16] of the Taylor microscale, A, . involves
a limiting process of a two-point correlation in a divection
normal (o the direction of the correlated velocity compo-
nents, for example, as

2u*
((7“7/(')_1/ B

A different approach, used most often by experimenters,
is to estimate this microscale from the streamwise velocity
time serics as

(7):1 / ()U-'

Although in isotropic tarbulence the two definitions coin-
cide, in shear flows the Tatter definition produces substan
tially larger microscales than the former one does [207].
Another approach that has occasionally been used is 10
compuie A from the turbulent kinetic energy dissipation
rale, ¢, estimated as the balance of other measurable terms
in the kinctic encrgy cquation. In the latter case, the as-
sumption ol Tocal isotropy is also employed (see below).
The trbulence Reynolds number for isotropic urbulence
is unambiguously delined as Rey — o'A /i in non-
isotropic flows, however, the use ol different definitions
and estimation methods for the microseale and the turbu-
lence seale (for example, the use of the rm s, streaniwise
velocity or the s, turbulence kinetic energy) has ereated
substantial ambiguity in the meaning of Rey. s advis-
able to consult with the original source of experimental or
numerical data for the appropriate definition.

Direct numerical simulations

Quantitics used in these simulations follow the definitions
in [16]. The rnmes. one-component velocity is computed
from the three-dimensional energy spectrum, E (k). ax

zﬂ=3/ L&) k.
3 Ju

Toe mstantancous encrgy dissipation rate, ¢, is computed
as

€= o' o '21// EEE(R) di,
0

The inegral length seale is computed as

P “~
L= k= E (k) dk,

S
PR

and the Taylor microscale, A, is detined from A = 150" /e,
The microscale Reynolds number is defined as Rey =
a' M and the large eddy turnover ime as 7" = Lo,

3.1.3  The uncertainty of the reported results
Hotsvire measuring unceriainty

Because all presently reported measurements in homoge-
neous flows were taken with hot-wire anemometers, their
uncertainty stems mainly from the construciion and use off
that instrument. However, a general characterization of
modern hot wire uncertainty [30] might not apply to all
reported experimental resulis, which span several decades
and are concurrent with such important {echnological ad-
ances as the megrated circuit, the fast Fourier transform
and the digital data acquisition and processing. Some of
the classical hot-wire measuremcents were obtained with
entirely analog means. includimg analog limcarizers, rnws,
meters. correlators and delay Hines, and alco utilized home-
made probes and mstrumentanon. On the other hand, ho-
mogeneous lows are relanvely free of sources of farge hot-
wire uncertainty (¢.g. Jarge turhulenee intensity. composi-
tion and temperature variaiions and flow reversal) and care
ful experimenters have, over a long time. produced reli-
able measurements, particularly those of velocily moments
and other parameters depeading primarily on the enerpy-
containing and mertial-subrange ranges of turbulent scales,

Hot-wire uncertainty has systematic and random compo-
nents, both of which, accarding to the Tatest mternational
conventions, are considered at o stndard deviation Jevel,
The combined uncertainty of a measurement ab g given
confidence level usually the 955 devel (e, with 201
odds that the true value would be v ithin the interval whose
boundaries are the reportd value plus/minus the reported
uncertainty: for large samples, the value of this uncertainty
is equal to twace the rms uncertandy, which has been cus.
tomarily teported i the past). can be estimated by prop-
cily combining all exisung uncertumties and taking into
account possible correlations among the dilferent uncer-

taintics [36, 37 Among the mam sourees of systematic
uncertinty are drfts an the velocity or temperature of the
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flow-producing facility, imperfections in the fabrication of
the probe, dirl accumulation and aging clfects. misalign-
ment with the flow direction, hot-wire leagth and spacing
effects (spatial resolution), differcnces between calibration
and test conditions, inadeguacy of the calibration relation-
ship, instrumentation offsets and human ecrors. Thesc cf-
fects are usually impossible to trace backwards from pub.
lished resutts and the best availuble means of estimating
the resulting uncertainty would be o consider combina-
tions of same typical uncertainties, while relying on the ex-
perimenter’s experience to exclude others. Random uncer-
tainty may be traceable in the form of scatter and includes
instrumentation noise, inadequate sample size uncertainty
and random occurrences of systematic errors, for example,
effects of a fluctuating temperature on velocity measure-
ment and varying misalignment during probe traversing.

An updated analysis of cross-wirc uncertainty. conform-
ing to current standards, has been performed in [81] and
applied to the measurements of [33). Il accounts for curve-
fitting uncertainty of calibration data to King's law and un-
cer@inty in the determination of sensor and probe body
orientations, which are the roain contsibutors to the uncer-
tainty of first and sccond moments, while it proves that
clectronic noise and finite sample uncertainty are higher
order effects, at least when modern instrumentation and
methods are used. As typical estimates of measuring un-
certainty in homogeneous flows, ane could use the follow-
ing results of this study:

Mean streamwise velocity component: £2%,

Mean transverse and spanwise velaaty components: £3%
of the mcean streamwise component,

Streamwise Reynolds stress: 2.4%.

Transverse and spanwisc Reynolds stresses: £:8%.
Dominant Reynolds shear siress (for shear flows): +8%.
Shear stress correlation coefficient: £0.03.

Turbulent kinetic energy: :L3%.

The uncertainty of the streamwise mean velocity and siream-
wisc mcan stress deercascs substantiaily if these parame-
ters arc measured with single wires. The typical uncer-
tainty in other measured properties is more difficult to esti-
male, in view of the wide diversity in measuring instru-
mentation and procedures.  Integral length scales would
likely have an uncertainty comparable to that of the corre-
sponding stress. The directly measured Taylor microscale
is very sensitive to the spatial and temporal resolution of
the hat-wire probe and it is more likely to be systematically
overestimaled, often by a relatively large pereent, in which
case a correction must be applied to the measurements.

Uncertainties in numerical simulations

There are virwally no measurement uncerlainties in mod-
ern dircet numerical simulations. The numerical errors in
a high-quality spectral code may casily be below the 1074
level. This docs not mean, however, that the results are

il

accurate (o (hat precision. The relation of numcrical with
physical experiments has been discussed in chapter 1, Here
we bricfly discuss the reliability of the simulations.

The main uncertainty in the results of numerical simula-
tions is statistical. Computations are seldom run long enough
to reach totally converged statistics. In steady-state forced
expetimenis, like those in HOMO3, the (unning time is
equivalentto a few eddy-turnover times. In unsieady cases
like HOMO2 or HOM23-25, they correspond to single re-
alizations. Moreover, the compuiational boxes are only hig
erough to contain a few large eddies.

If we assuine that the smallest uncorrelated eddies in a wr-
bulent flow have diameters of the order of 107, a large
simulation, like the 512% forced case in HOMOZ, contains
roughly 5x10% uncorrelated eddies. Since the statistics are
compiled over a few flow fields, the sample is equivalent to
a3 few million eddies. The uncertainties of small-scale sen-
sitive quantities, like vorticities or gradicnts, can therefore
be expected 1o be small, of the order of 1073,

On the other hand, the ratio of the box size to the inte-
gral length is typically abow 3, which implies that the total
number of large eddics in the sampies is Q(100), and that
the statistical uncertainty of large-scale properties, such as
energy densitics or Reynolds stresses, is of the order of
10%.

An exception is HOMO2, which was specifically designed
to improve the large-scale statistics and can probably be
trusted Lo the level of 3-5%, even for those quantities.

3.2 Isotropic and grid turbulence and their
distortions

3.2.1 Experiments

Decaving grid urbulence

Since the earliest known experiments on grid turbulenee in
1934 [191), a large number of experimental studies have
been conducted, involving stationary grids, screens and
perforated plates, swept grids. oscillating grids., grids with
injection, nozzle-type grids, and. most recently, grids with
randomly rotating rods carrving winglets, thus resulting in
very large Rey [154]. The most widely uscd published
data arc those by Comte-Bellot and Corrsin [40, 411, Thesce
results, presented here as case HOMO(O, are weil docu-
mented, particularly on spectral statistics, and have been
used almost exclusively in the development of DNS. LES
and wrbulence models, thus providing a bridge to the com-
putational and theoretical literature. They achicved a par-
ticularly good isotropy (with the r.ms. velocities equal to
each other within less than 5%) hy passing the grid wr-
bulence through a slight (1.27:1) contraction. These and
many other experiments in the incompressible regime have
established thar the kinetic energy of grid turbulence de-
cays with distance from an cffective origin, and can e
filed by a power law with an exponent in the range be-
tween 1.2 and 1.3, The analytical/numerical prediction ol
& proper decay exponent remains a major challenge.
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Figure 1. P.df, of longitudinal velocity differences in grid
wrbulence.

The Conite-Bellov/Corrsin results will be supplemented with
some recent measurements [S9] of probability density func-
tions (p.d.f.) of veloeity differencesin decaying grid turbu-
lence, presented as case HOMOI, These include p.d.f. of
both streamwise and transverse velocity differences over
distances corresponding to the inertial subrange ol the en-
crgy spectrum, which would be particulacly uselul 1o LES
development. As typically shown in figure 1, these pad.f.

are skewed when the distance between paints is much smaljer

than the integral fength scale. L (compare these results o
the skewness of the velocity derivative (206]) and approach
the Gaussian p.d.l. as this distance becomes comparable to
L, indicating that the two velocilies become statistically
independent.

Grid turbulence subjocted 1o plane straining

From its inception, grid wurbulence has also served as the
initial state from which wrbuience is allowed (o develop o
a distorted, more complex, state. The development of grid
wurbulence in distorted ducts was first studied in conjunc-
tion with the development of the Rapid Distortion theory
[ 136, 214], but the experiments that have been referenced
the most arc those by Tucker and Reynolds [216]. which
include a case of piteral distortion in a duct with a rect-
angular cross-section of constant arca but varying height-
to-width ratio, such that there was no streamwise mean
strain rale,  These resulis will be presented here as case
HOMO4, More recently, several sludies dealing with the
adjustment of trbulence energy and structure following
application ol one or more plane strain rates and their re-
moval have been published. This was achieved hy pass-
ing grid twrbwlence through distorting ducts with ellipti-
cal [67, 68, 124] or rectanpular [116] cross-sections. As
representative results Tor the application of a single plane
strain, we have selected case HOMOS [124] and. for iwo
successive plane strains, case HOMOO [67] HOMOS has

the distinet feature of presenting the development of (he
correlation coefficient 7% /1w’ under the influenece of a
transverse strain: jt reaches vidues comparable to those
of e /u'v” in shear flows. HOMOG documents the ad-
Jjustment of anisotropic wrbulence © an additional plane
strain. Finally, as a representative study of the recovery
of turhulence towards isotropy after the removal of plane
strain, we present case HOMOT [116]. This work docu-
meats that the rate of retuen towards isotropy depends on
the initial encrgy partition (o its components: it is faster
when the turbulence is initially nearly axisymmetric and
stower when one of the (wo transverse cemponents is sub-
stantially Jarger than the other one.

3.2.2 Direct numerical simulations

Because of is simplicity, isotropic turbulence has histori-
cally been the subject of some of the the largest aumeri-
cal simulations at any given time. It is usually modelled
as a periodic cubic numerical box, without solid bound-
aries, using spectral numerical schemes similar in spirit
or in detail to the one deseribed in [176], We will re-
strict ourselves to incompressible flows. High quality com-
pressible turbulent codes have only recently appeared. al-
though they already include fairly large caleulations [ 170,
106]. Because of the possibility of discontinuitics, the fat-
ter codes are usually not speetral, and rely on high-order
finite-differences or finite-volumes techniques.

There is general agreement tha the targe sealdes ol isotropic
incompressible equilibrium wirbulence are essentially in-
dependent of the Reviokls number, which would seem to
imply that a single simuolation, atsufficiently high Reynolds
number. shauld be enough o characterize this Nlow. This
has turned out to be an oversumplification. In the first place
non-cquilibrivm effects are important. and several simula-
tions have centred on the differences between foreed and
decaying turhulence. and an the influence on the lalter of
the form of the initial enerpy spectrum [202). Another
complication is the intermiuent behaviour of wrbulence
[17). which is known to depend on Reynolds number, and
which has motivated a number of simulations ol forced
turhulence, which at present include the highest Reynolds
number simulations available.

Decaving flows

Experimental realizations of decaying wrbulence are usu-
ally approximated by the spadal damping of properly ma-
nipulated grd turbulence, with the best known example
being [41] This experiment has histarically become one
ol the first benchmarks against which to test new suh-grid
scale LES maodels, particutarly their ability 1o mateh the
time evolutions of the turbulence kinetic energy and of
the encrey spectrum Because neither grid tibulence nor
numerical simulations are perfectly isotropie, increasingly
detailed simulations of temporally decayving., spatially-pe

rodic, numerical aralogs of {41} have been undertihen pe-
riodically. so as to serve as caomparisen with LES and (o
remove one of the possible sources of disepereement [ 141]
The challenge is to include enough of the Lerpe scale spec-




trum while retaining adequate resolution of the small scales
at the Reynolds numbers of tile experiments,

A new simulation of this flow is included in the data base
as case HOMO2. It was carried at a numcrical resolution
ol 512% (kyar = 241), using the code in [176). The flow
was initialized with random phascs at an initial Rey =
945, and was allowed to decay o Rey = 60. Only results
with Rey below about 105 are included in the data base,
as corresponding to a flow that had sufficient time to relax
from the initial conditions.
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Figure 2: Evolution of the three-dimensional energy spec-
wra of decaying isotropic turbulence at comparable times.
Lines arc simulations from case HOMQ2. Symbols repre-
senl measurements {rom HOMOO. and w, IRRey, =
71.0,—-—ande 065.1;---~ and 4, 60.7.

An important issuc in simulations is the specification of
inilial conditions. Most simulations of turbulence are ini-
tialiced with a random flow ficld having a given spectrum
bul uncorrelated phases. It is easy to show that such a
ficld does not dissipate energy significantly until the veloc-
ity develops short tern correlations, T'he skewness of the
veloeity derivative, which is an indicator of non-lincar in-
teraclions is, typically, initially zero, it increases rapidly to
a maximum, and then it decreases slowly as the Reynolds
number ol the decaying turbulence decreases.  Different
initial conditions result in different initial wransicnts, which
model only poorly the development of turbulence closely
behind the grid: this is one of the major causes of disagree-
inent between experiments and simulations. The dataset in
the present data base includes a flow field, filiered w ares-
olution 128, with an energy spectrum corresponding to a
Reynolds humber somewhat larger than the most upstream
station in [41], but with fully developed correlations. This
ficld develops numerically into flows with spectra which
follow closely thase in the experiment (ligure 2). This case
may be concluded to have fairly realistic inital conditions
and is recommended {or comparisons with LES attempting
te simulate decaying isotropic turbulence.

Forced flows

One of the main motivations for the simulations of forced
isotropic turbulence has been the study of iniermitiency.
It has been known for a fong time that the original Kol-
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Figure 3: Pd.f. of ransverse velecity differences for
Az/L =1/8, and: Rey =062, $95, ——,
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Figure 4; Pd.f.  of transverse velocity differences lor
Ax/L = 1/3, and ey = 142, Velocities are low-pass fil-
tered with Gaussian spectral windows exp(—&? %), with:
JHIL =0, --~-,0.025,—-—,0.05,: NIAN
o, Gaussian,

mogorov hypothesis [109], according to which all rbu-
lent velocity difterences within the inertial range should be
statistically similar, is not precisely satisfied. Tt was found
first that the p.d.f. of velocity derivatives are non-Gaussian
and Reynolds number dependent | 1 7], and it has hecome
clear since then that non-Gaussian behaviour is also dis-
played by two-point velocity dilferences: their statistics
change gradually [rem Gaussian to non-Gausssian as the
separation distance is decreased from the - :gral length
scale to the Kolmogorov microscale [1011. In fact, the de-
pendence of the structure functions (moments of the veloe-
ity differences) on separation distance has been used as a
iest for the different theories on intermittency [110].

There is experimental evidence that the p.d.f. of the ve-
locity differences are only [unctions of the separation dis-
lance, normalized with the integral Iength scale of the fiow,
and therefore essentially independent of Reynolds num-
ber. as long as the separation distance is within some ‘ex-
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tended’ incrtial range [101, 77); the same result has also
been found by numerical simulations (ligure 3), More-
over, fer separations large compared o the Kolimogaoroy
microscale, these p.d.f. are independent of the details of
the small turbulent scates, and. thus, could be measured
with probes which are toa farge 1o resolve the dissipative
length scaies. 'rom this, one may conclude that, in numeri-
cal simulations, the p.d.f. of velocity differences should be
insensitive to spatial filtering of the velacity field. at Jeast
as long as the filier wadth is narrower than the separation
distance (figure 4). A ‘good’ LES should also be able 1o
reproduce intermittent p.d.f. at the resolved seales.
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Figure 5 Normalized third order strucrure functions for
the forced simulations in the data base. For an asymptolic
inertial range. the function should be equal to 0.8, Lines
arc as in figure 3. Symbols are jet at Joey = 852 from [ 5]

The study of the phenomenon of intermittency has moti-
vated several simulations of forced cubic periodie turbu-
lent boxes [219, 181, 34]. The numerical codes are gen
crally the same as those used for decaying turbulence. but
the flow is driven by energy input af its darge scales so as
10 achicve a statistically stanonary state. The forced simu-
ations have achieved somewhat higher Reynolds numbers
than the decaying simulitions, because they bypass the ini-
tal transient in the formation of the wrbulent structure,
during which some decay 18 inevitable. Forcing also im-
proves the statistics at a given Reynolds number. because
the flow can he observed for as long as the simulations
run. On the other hand. forcing introduces an unnatural
oehaviour of the Jarge sceales.

The data base incindes a set of simulations (HOMO3) w
various Reynolds numberz, all of which were obtained with
the samie coue and Torcing scheme (1761 and at the saine
resolution in Kolinogorov units. The reported stimulations
arein the range 36 < Itey < 168, In general. only statisti-
cal averages are given. both beeause initinl conditions are
irrelevant for drives flows: and because the fickds are too
large in maost cases 1o inclusion However, a single fow
ficld from wic ey = 95 <simulanion has been inchwded,
filiered 10 32% resolution, 1o be used as initial corditons
in i ES expuniments. A version of this field. at 128% reso
lution, has heen used as the imital condition for the DNS

computation of rotating turbulence in HOMI3,

These simulations achieved Reynolds numbers which are
amuoie the fargest available at the moment. In some cases,
Re « is large enough for the dissipation to reach its asymp-
totic value, and for most sealing laws 1o seitle (o their large-
Ity behaviours [94]. 1t should be renlized. however, that
the spectra of these simulations do not actually contavin an
cquilibrium inertial range. This can he seen in figure 5.
which tests the validity of the Kolmogoroy "4/57 law, which
should hotd in the seH-similar range of scales for which
neither viscosity nor forcing are important. According to
Kolmogorov's hypothesis, the quantity plotted in the figure
should be equal 1o 4/5 in the inertial range Nevertheless.
none of the plotted curves reaches that value, although the
simulations with the highest [iey show a tendency to ap-
proaca it. The same conclusion follows from the analysis
of the encrgy spectra [93], which suggests that an inertial
range would not appear until ey becomes at Teast 600,

3.3 Rotating turbulence and its distortions

331 Experiments

Adl measurements reported here were takenin the same ba-
sic facility. at ONLERA. France. Rigid bady rotation (aboul
1S streamwise axis) wis imposed on an air stremm by pass-
ing it through a rotating cyhndrical duct equipped with a
relatively long. finc-mesh. honeycomb. Turbulence was
produced by a gnd. posttioned near the exit of the rotat-
ing duct. and then it was let to develop in a non rotiting
downstream sechion.

The simplest configuration occurs when the downstreim
duct 1s also evhindncal. in which case the rotating turbu-
lence is leltto decay. Thisis presented here ae cnse HOM O
192]. which largely supersedes an carlier study ina sinilar
configuration [223] and 1s closer 1o being homogeneous
(away from the walis) than any previous attempi to pro-
duce ratating turbul nee using a vanety of dudferent con-
figurations. The mean speed. U, o the duct was fixed
and different conditions were achieved by changing the
grid (three different mesh sizves. M) and the rate of rota

tion § (hve different rates, including the referenee cise
of no rotation), within the range of grid * N nnthers,
Roy — U720 liom 954 10 4 (eacluding the no ro-
tation casel. Mceasurements include the decay rates, inte-
gt fenath seales and encryy spectra of the streamwise and
rransverse velocity components. The effects of rotation on
the turbulence have been characterized by the value of the
turbulent Rossby number, Ro, = (1/50)/(¢*/¢) which
can be connected to the grid Rosshy number through the
turbulent kinetic encrgy equanen The results show that
the elfects of rottion or the wrbulence structure and de-
cay rate become measurable only for Ro, < 1. The niain
effects are an overall decrease of the decay rate of the ki-
nctic encrgy and an enhancement ol anisatropy. with the
transverse componenis losing encrgy through dissipaaion
slower than the streamwise one does. At any tate, the ef-
fects of ratation in these experiments are far from spectac-
utir, soone would expect that they can only be predicied

by refined thearcticdl or numerical studies.




In subsequent studies, rotating grid turbulence, gencrated
as above, has been subjected o different distortions by
passing through ducts with varying cross-sections. Case
HOM 12 is a combination of rigid body rotation and ax-
isymmetric straining, achicved with the use of an axisym-
metric contraction as the downstream duct {128, 127]. Two
ducts, with the same contraction ratio but different lengths,
were used. Compared to non-rotating grid turbulence sub-
Jected to the same axisymmetric strain, rotating turbulence
displays: a) a non-uniformity of the radial distribution of
the mean velocity, although sufficiently weak 1o ensure ap-
proximale homogeneity of the turbulence near the axis,
b) a reduced decay rate. especially that of the streamwise
component, and ¢) a reduction of the Reynolds stress an-
isotropy, mainly as a result of reduced streamwise cnergy
component decay.

Finally, case HOM 14 presents the development of grid tui-
bulence in solid body rotation subjected to plane strain
[124, 126]. This was achieved with the use of a duct having
an clliptical cross section with a constant cross-sectional
area but periodically varying axis ratio and orientation. Com-
pared to a corresponding undistorted grid turbulence with
the same decay time, this flow muaintained substantially
higher cnergy levels and appeared to reach a plateau of ki-
nctic energy, implying a balance between the production
and dissipation rates. The Reynolds stress anisotropy ex-
hibited an oscillatory pattern.

3.3.2 Direct numerical simulations

The numerical simulation of rotating turbulence. like those
of decaying turbulence and homogeneous shear flow, suf-
fers frons the non-equilibrium problem, in which both large
and small scales are important. All available simulations
of three-dimensional rotating turbulence correspond to the
spin-up problem, in which rotation is suddenly imposed to
wnon-ralating periodic box, containing either a fully devel-
oped or a random-phasc field [211, 140]. This is different
from the cxperimental contfigurations, in which turbulence
is created, by a mechanical device, in a previously rotating
fluid. Thercfore, experiments and simulations of rotating
turbulence can be expected to be comparable. if at all, only
after a decay time which is sufficiently long te crase the
effect of the initial conditions. This requires a high numecr-
ical resotution and a wide range of scales, which have only
recently become possible. Unfortunately, no appropriate
stmulation on rotating tubulence was available at the time
of publication of this report.

3.4 Uniformly sheared turbulence and its dis-
tortions

34.1 Experiments

By this term, one commonly understands a rectilinear flov.
with a uniform transverse nican velocity gradient, such that
the shearing action is in the streamwise direction. The
exceplion to this rule is onc experiment [151], to be pre-
sented here as case riOM20, in which the mean streamwise
velocity was constant and the shearing occurred on trans-
verse planes. This was achieved by superimposing equal
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rates of rigid body rotation and planc strain on grid turbu-
lence in a duct with a rotating, cylindrical, upstream sec-
tion and a non-rotating, elliptical, downstream section hav-
ing a constant cross-sectional area but varying eccentricity
and orientation. The mean shear rate in these experimenis
was comparable in magnitude with typical values in the
streamwise shearing experiments, and the flow maintained
a pood homogeneity. There was a consistent development
of anisotropy and the shear stress correlation coefficient
reached values comparable to those in other shear flows.
Unfortunately, the development time in the test section was
relatively small (the maximum toral strain was 2.25), so
that the Reynolds stresses were still decreasing at the end
of the duct, which indicates that production by the mean
shear was still not the dominant process. Despite these lim-
itations. however, these experiments have some advantages
over the other shear flow configurations: decoupling of the
shear and turbulence generation mechanisms, well defined
entrance conditions (grid wrbulence) into the sheared sec-
tion and turbulence measurements in the flow development
region.

The remaining cases in this section correspond to conven-
tional uniformly sheared flows. The idealized concept of
homogercous sheared turbulence, attributed to von Kar-
man, was realized cxperimentally and carried to maturity
at the Johns Hopking University in the 1960s and 70s. In
these and all subscquent studies, the shear was generated
by passing the fiow through a device with a variable resis-
tance and some care was taken to homogenize the initial
length scales. The first detailed study with a reasonable
transverse homogeneity had a relatively low mean shear
[32] and is known to suffer from nsufficiently developed
turbulence structure; one should avoid using this work, de-
spite its frequent past use in many computational studies
and turbulence models. Higher shear experiments [74, 207,
208, 210) have resolved this problem. Two sets of inde-
pendent experiments will be presented here: case HOM?21
{207, 208], as representative of the Johns Hopkins exper-
iments and case HOM?22 [210]. as representative of the
University of Ouawa experiments. Some recent [43] ex-
periments at very high shear rates, showing a dependence
of the turbulence structure upan the mean shear and similar
to DNS results [117, HOM25], arc not detailed enough for
the present puiposes.

Case HOM2! largely supcrsedes all carlier [74] experi-
ments in the sume facility and is the best documented uni-
formly sheared flow experiment. The published results
[207, 208] include ample information about the tine struc-
ture as well as spectra and p.d.f., however, in the present
database, we present only the most essential statistics, name-
ly the development of Reynolds stresses, integral length
scales and microseales and some two-point correlations,
Case HOM?22 includes flows with different values of the
mean shear and injtial length scale and is. thus, sustable for
detecting any possible sensitivity of LES results to those
parameters. Some recent measurements [59] of pd.f. of
velocity differences in the same How, have also been pre-
senicd as case HOM22. Thesc include p.d.f. of both stream-
wise and transverse velocity differences over distances cor-
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Figure 6: Pd.E of longitdinal velocity dilferences in uni-
formly sheared turbulence.

responding to the inertial subrange of the encrgy. As typi-
cally shown in figure 6. these p.d.f.s are non-Gaussian and
skewed when the distance between points is much smaller
than the integral length scale, L, and approach the Gaus-
sian p.d.f. as this distance becomes comparable (o L, indi-
cating that the twao velocities become statistically indepen-
dent. Although, qualitatively, the p.d.fL in shear flow re-
seanble those in isotropic turbulence, quantitatively, there
are distinet differences between the two sets, only part of
which can be attributed o differences in Rey. There are
also differences in the p.df of velocity differences be-
tween points scparated in the streamwise direction from
those separated in the transverse dircction. These differ-
ences appear o contradict local isotropy.

Geomeltrical distortions of uniformly sheared wrbulence
seem (o be fruitful environments for testing theoretical hy-
potheses and adjusting computational schemes. 1t is. there:
fore, somewhat surprising that only retatively few studies
of this type exist, The application of  reamwise strain 1o
uniformly sheared turbulence, by passing ii through two-
dimensional contractions, will be presented as case HOM26
[204]). The effects of centrifugal actions / sireamline cur-
vature will be presented as cases, HOM27 and HOM28
[82. 33], in which fully developed uniformly sheared tur-
bulence was passed through curved ducts with a consiant or
abruptly changing radius of curvature. There have been no
corresponding DNS for these types of experiment, but the
geometrics appear to be quite suitable for LIS studics. In
particular, these experiments document both the rate of ad-
justment of uniformly sheared low structuse (o additional
strains as well as the quasi self-similar asymptotic struc-
ture that such flows achieve under the prolonged influence
of a uniform additional strain.

34.2  Dircet numcerical simulations

As noted in [176]. spectral simulation codes for isotropic
turbulence can be casily adapted 10 homogencous shear
flow by a simple transtormation of the set of wavenum-
bers. This approach has been used in o number ol simu-
lations. The transformation is equivalent to distorting the
computaticnal grid with the ican shear. and it is custom-
ary to compensate this distorlion at regular intervals by
re-interpolating the flow field into the original orthogonal
grid. As a consequence, in these simulations, most quanti-
tics arc only available at the diserete interpolation times.

In the present data base, we have included three different
data sets, all of them incompressible, in which the flow is
triply periodic 10 a paraltelepiped and the mcan shear is in
the ay direction. An cquivalent compressible flow simula-
lion at maderate Mach numbers can be found in [ 187].

The first set. HOMZ3 H178], contains three dilferent {low
simulations, with diff2rent combinations of viscosity and
shear. The same simulations contain a passive sealar ficld,
subjected to an tmposed, constant, mean scalar gradient,
Two more simulations are dynamically identical to the cases
mentioned above (U), but with different Schmidt numbers
for the scalar.

The second set. HOM24 [187) has o Reynolds number
comparable to that in the highest value case above, but
uses a dilferent nuiierical scheme and a diflerent initial
spectrum. It is icloded o allow a caomparison between
diftecent numerical experimenis at comparable conditions,

‘The third case, HOM?25 [ 117}, has a much higher dimen-
sionless shear rate than the other two, The stracture of this
flow was found to be different from those at Jow shear rates
and exhibited longitudinal velocity streaks similar (o those
in the near-wall vegion of boundary Layers and pipes (see
also [43]).

The simudations t the two first data seis were stted from
initdally random-phase Fourier modes with a given power
spectrum, while that in the third set was started from fully-
developed asotropic turbulence. computed in a previous de-
caying turbulence simulation. The diflerence in the subse-
quent development is seen in figure 7(a), which shows the
evolution of the turbulence Reynolds number for all simu-
lations. While for the random-phasc initial conditions ey,
shows an initiat decrease. for the fully developed initial
conditions there is no initial relaxation period.

Figure 7(b) shonvs the evolution of the dimensioniess shear
rate. 8° = Sq* /o together with experimental results from
[210§. Ttis clear that the long-time numerical values dif-
fer from cach other and from the expenmental ones. One
should keep in mind. however, thut, in these simulations,
mostof which used a 128% grid. the statistics are taken over
a relatively small ensemble of flow structures and without
the benefit of time averaging. Therefore. the oscillations in
individual evolution curves are most likely duc to the nu-
merical and statistical uncertamties. On she othier hand,
the dimensionless shear rate in the simulations presents
an tncreasing trend. which is beyond the uncertainty, and
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which is not present in the experiments. Such differcnces
should not necessarily be disconcerting because the simu-
lations and the experiments represent somewhat different
kinds of flows [207], subjected to different initial condi-
tions. Even so. it is still interesting to determine whether
the simulations and the experiments attain the same self-
similar asymptotic regimes. As seen above, both types of
flows have growing Reynolds numbers, which is an indica-
tion that the turbulence structure is dominated by the mean
shear. A quantitative test can be derived {rom the simpli-
fied energy equation,

OkJOL+ STy = ¢,

which shows that self-similar growth requires that produe-
tion be proportional to dissipation, i.e. that

Suug /e = consl.

This quantity is plotied in figure 7(¢), which suggests that,
unlike the experiments, most simulations reach their self-
similar stage only towards the end of computational time.
Extension of the computation to longer times is prevented
both by the growth of the longitudinal integre! scale, which
interferes with the finite size of the compulaticnal box, and
by the increase in Rey, which degrades the resolution for
a given computational grid. The numerical aspects of each
simulation are discussed in the respective papers. ln gen-
eral, all of them arc discontinued when the longitudinal
integral scale becomes of the order of 10% of the length
of the box, or when the resolution falls below ke & 1,
which is generally considered to be an adequate limit.




3.5 SUMMARY OF HOMOGENEOUS FLOWS

[SOTROPIC AND GRID TURBULENCE AND THEIR DISTORTIONS

HOMOO Decaying grid turbuienee E Comte-Bellot & Corrsin [41] pg. 59

HOMOI Decaying grid turbulence F. Ferchichi & Tavoularis [59) pg. 61

HOMO2 Decaying isotropic turbulence N Wray pe. 63

HOMO3 Foreed isotropic turbuience N Jimcénes & Wiay [94. 93] pe. 65

HOMO4 Grid wrbulence  with plane E Tucker & Reynolds [216] pge. 67
strain

HOMOS Grid turbulence with transverse L Leuchter & Benoit {124) pe. 69
strain

HOMOG Grid wrbulenwe with successive  k Geace & Mathicu [67) pe. 72
planc strains

HOM? Return to isotropy of swained  E Le Penven. Genee & Comite-Belot [116) pe. 74
grid wrhulence

ROTATING TURBULENCE AND ITS DISTORTIONS

HOMIO  Rolating decaying wrbulence E Jacquin, Leuchter ef al |92) o pe. 76

HOM12 Rotating  turbulenee with ax- B Leuchter & Dupeuple [ 128, 127] pe. 79
isymmetric train

HOM 4 Rotating turbulence with plane  E Leuchter & Benoit y124] pe. 82
strain N

SHEARED TURBULENCE AND ITS DISTORTIONS

THOM20 Transversely sheared low i Teuchier eral [151.7125] pe. 88

HOM2! Uniformly sheared flow L Tavoulans & Corran [ 207] pe. 87

HOM22 Unitormly shewred flow E Tiwvoulaos & Karnik (210] pe. 89

HOM?23 Homogeneous shear [low N Rogers & MT‘-'@ 1178) pe. 91

HOM24 Homaogencous shear flow N Sarkar [ 187] pe. 93

HOM25 Homogencous shear flow (high N [ee, K & Mo [ 117] pe. 95
shear)

HOM26 Uniformly sheared flow with E Sreenivasan [2041] pe 9o
streamwise plane strain

HOM27 Uniformly sheared flow with  E Holloway & Tavoularis [82] pe. 98
uniform curvature

HOM?28 Uniformly sheared Now with S 1L Chebbi, Holloway & Tavoukaris [33] pe. 100

shaped curvature

E: experimental cases. N: numerical ones. Consult individual data sheets for mare details
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Chapter 4: Interaction of Shock Waves with Grid Turbulence

Otto Leuchter
ONLRA
FF - 92190 Mcudon, France

4.1 Introduction

Interactions between shock waves and turbulence occeur in
a variety of flow configurations of practical relevance. Typ-
ical examples arc shock wave/boundary layer interactions
and shock wavce/free shear layer interactions encountered
in external and internal aetodynamics. Complex linear and
nonlincar mechanisms come into play in such situations,
resulting in a drastic change of the turbulence structure and
the statistical propertics of the flow. The theoretical back-
ground of these strucwral changes is the existence of com:
plex interactions between thie basic modes of compress-
ible wrbulence known as vorticity, acoustic and entropic
modes. Fundwmental questions arise in this context, con-
cerning the amplification of the turbulence passing throngh
the shoek wave, the change of anisotropy of the Reynolds
stresses and the associated length scales, and the way the
shock-impacted turbulence adapts itsell to the new flow
conditions downstream of the interaction,

The basic physics of such complex interactions are most
conveniently investigated in reasonably simplified flow con-
figurations. A typical example is that of homogeneous
quasi-isolropic turbulence subjecte ta sudden compres-
sion by a normal shock wave, This rype of flow was orix-
inally investigated in shock tubes {79, 105, 84, 26] and
more recently in stationary wind tnael flows, [91, 13).
The relevant parameters in these investigations are the shock
strength (e, the shock-normal Mach number). and the
initial state of the wrtulence interacting with the shock
wiave, as defined by G wirbulent energy level, the ‘conm-
pressibility” coment. the Reynolds stress and length scale
anisotropy, and the turbuience Reynolds number. Tor a
general review of compressibility effects on turbulence one
can consult {1291,

Direct numesical simulalions {(IDNS) of decaying twrbulence
passing through a shuck wave have been performed by var-
ious authois (sce e.g. (19, 180, 73, 118, 138]). This type
of approach is conunonly restricted to Reynolds numbers
that are too low to be representative for practical applica-
tions. Large-eddy sinmltations (LES) are expected to go be-
yond this bound and beroiae o ore relevant for real-world
applications. Nevertheless, DNS computations. even at
fairly low Reynolds numbers, do provide mteresting in-
sights into the physics of the complex mechanisms which
govern the interactions.  For instance, the ceffect of up-
stream compressibility (i.e. dilatational velocity fluctu-
ations) on the turbulence amplification (hard 1o evaluate
experimentally ) has been brought o light clcarly in the
work of Hannappel and Friedrich {73]. Besides the ba-
sic ohservation that inthally isotropic turbulcnee becomes
ausymmetric when passing through the shock wave. the

authors observed thal upstream compressibility produces
higher vorticity components parallel to the shock wave,
whercas the axial componentis convected through the shock
wave without major alterations.  Simultancously, the de-
crease of micro-length scales relative to the transverse ve-
locity fluctuations is less pronounced in the presence of up-
strear compressibility, and the increase of the dissipation
length scale is slightly reduced. The importantrole played
by the acoustic and entropic fluctuations upstream of the
shock/turbulence interaction has also been highlighied in
the recent work by Mahesh er al, {137, 135]. The effect of
shock strength was discussed by Lee et ai. {118].

As mentioned before, experiments in this field can be di-
vided into two main classes. The first covers experiments
performed in supersonic wind tunneis, where a (normal)
stationary shock wave is produced by means of a suitable
shock generating device, The turbulence is usually cre-
ated in the ~oric yegion of the supersonic nozzle using
a grid-type turbulence generator.  Homogeneous (quasi-
isotropic) turbulence is achieved at the position where the
flow impacts the shock wave, The measurements are made
at a given axial distance with respect to the position of the
cheek wave, Unambiguous statistics are determined as
function of the distunce between the measurement point
and the shock wave, for a given upstream stale of the tur-
bulence, These experiments are casy to compare with nu-
merical simulations considering homogenenus turbulence
flowing through a stationary shock wave.

The second family of experiments reported in the literature
on free turbulence/shock wave interactions considers trav-
cling shock waves moving through a homogencous turbu-
lent ficld. The experiments are performed in shack tubes,
where the interacting shock wave results from the reflec-
tion of an incident shock wave that first passes through a
turbulence-generating grid, crntraining a transversely ho-
mogencous turbulent flow of constant velochy. The flow
remains subsonic provided that the incident shock wave is
sulficiently weak. The strength of the reflected shock wave
(and accordingly the flow velocity behind it) can be con-
trolled 1o a certain extent by replacing the reflecting solid
wall with a porous ead wall. A remarkable {acility based
on this principle hus recently been constructed at CUNY
by the group of Andrcopoulos (sce [25, 26, 27]), allowing
turbulence measurements with good space and time reso-
lution.

Usetul information can be gained from this type of cx-
reriment about the basic mechanisms involved in shock
wave: urbulence interactions. Statistical measurcinents per-
formed at a fixed position o the shock wbe are not casy
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to interpret, however, in terms of statistical measurements
made in stationary wind tunnel experiments. or in terms of
statistical results obtained from numencal simulations con-
sidering stationary shock waves (as c.g. in [73) or [1I8]).
This is primarily due to the fact that during the usetul pe-
riod of measurcments, the distance between the probe and
the upstream-propagating shack wave increases, while the
state of the turbulence encountered by the shock wave i
continually varying. These intrincic difficulties are fur.
ther aggravated by the relatively short time available for
the measurements, which (for a given dimension of the
shock tube) is a deereasing function of the shock intensity
Therelore, shock tube experiments are generally run with
relatively low shock intensities compared to those achiey-
able in wind tuanels. ‘This is also done (o ensure subsonic
flow behind the incident shock wave and o avoid choking
of the wrbulence grid.

The following deseription of possible test cises for LES
with stationary shock waves will be restricted to wind wn.
nel experiments in supersonic flow,

4.2 Experiments

To our knowledge, there are two recent and teasonably
well-documented experiments in wind wnnels with sta
tionary shock waves, The first was carried out at ONERA.-
Meudon in a supersonic wind tunnel in which the wrbu-
lence was created by means of o grid locared at the nozzle
entrance. The grid wself constitutes the sonic throat of the
nozzde and provides o Mach aumber of 1.4 at the location
ol the nevmal shoek wave, The shock position s contralfed
by a second throat and by suction of the boundary lTayer
at the wall of the wind (unnel. The mewsurements are by
Lascr-Doppler Anemometry (LDA).

The wast salicnt Teature of this experiment s the sharp
change in the enerpy decay thiough the shock wive and
the absence ol any significantamplitication of the turbulent
cnerpy. Based on recent DNS results, it may be conjee-
tred that low wnplification of the turbulent kinetie energy
through the shock wave could be due w rinsie compiess
ibility effects i the sense that the thermody namic pressure
fluctuations store enerpy at the expense of wrbulent hinelic
energy and aller the interaction mechanism [63).

The second expenment was performed at CEAT-Poitiers.
in o similar facility. A wulti-nozzle wrbulence genera.
tor (constituted by 625 adjacent conical nozzles) was used
here instead ol a wrbulence grid, providing supersonic flow
at Mach number 3 in front of the shock wave. wath a sig-
nificantly Jower trbulence intensity level than i the ON-
ERA experiment tand consequently JTower Reynolds num
her). From this point of view Gand also with repard o dif
ferences in the measuriog techniqgues usedy, the two esper
iments may be considered as complementary. A normal
shock wave is created mothe cential part of the tes see-
tion by means of a Mach effect produced by the intetac.
tion of two obhque shock waves of opposte inehmaton
This particular arrangement causes the axial mean velooity
1o be dincarly increased behind the shock wave. at a rate
AUJAN ofapprocimately 50 x 10" s U (conespondiy

o avaration of one percent per millimeter in the upsiream
velocity ). Hot-wire technigues ana LDA were used for the
mcisurenents.

The measurements showed that the sticamwise velocity
uctnations are mereased throngh the shack wave, in agree-
ment with Ribner's theory, whereas the longitudinal inte-
gral lengih seale is decreased. Like in the ONERA exper-
iment. the amount of compressibibity i the upstream part
of the flow could nat be quantilied by the technigues used
for the measurements,

4.3  Comments on Experiments

No direetinformation is included in the data bise coneern-
ing velocity speetra, sinee spectrad analysis was not possi-
ble with the LDA measurements. Only in the second ex-
penimentLCEAT-Poitiers) was speetral amalysis performed
on hot-wire sinals which may he assumed o represent
inass Tlox Nuctuations. The Tack of trbulent Kinetic energy
spectia is a serous hitation regarding the assessment of
numerical simutations. since initial spectra can only he es-
timated analy teally from the statislical quantities reported
in the data base.

A further signmilicint luntation of both data sets arises from
the Jaek of informition on ane point statistes (as well as
spectral distiibutionsy conceming the additional modes of
Muetuation (entropic and acoustic modes). As evidenced
by NS (see above), these modes have o strong inlluence
on the interaction mechanist, and must therefore be ac-
counted Jorm the gencration of compressible initial condi-
tons Jor LES, as well as i subprid maodels, Due to metio-
logical difficuloes, no directinformanan on the refative im-
partance of such Huctuations could be included in the data
base. The increased energy decay downsucam ol the shock
winnve, ind the absence ol any noticeable amplification of
the turbulent energy observed in the ONERA experiment,
could possibly be atributed oo relanvely igeh level of -
ratonal fluciuations produced by the specific wrbulence
penerting device used for tat expenment. The difference
between the two experments reparding the tarbulent en-
crgy amphfication may be explained by o posably lower
level of dikuational fluctuations in the CEAT experiment.
due o a milder™ turbulence generating procedure and o
sipnificantly fower Reynolds number.,

LDA measurements in compressible fows with shock wives
are wsually contanunated by unceriunties due to the tinite
particle response. Particle diag affects the mean veloeity
recovery smmediately behimd the shock wave and produces
spurious trbulence in the case of polydispersed particles,
the extent and level of which dependon the actual size dis-
wibution of the particles Basic studies of the behavior of
particles fowing thiougha shock wave in Jamman How (see
forexample [123, 2121 have demonstrated the possibility
of guanufying these effects using current Laws for the par
bele doag and estinvaded tor measared) forms of parhicle
disinbution For bothe experiments, the secaveny distance
can he estmated to be ol the onder of a fes millinieters,
lar parncles ol sub nicron <ize commonly used in the ey
peruments
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For the ONERA experiment, the mean flow and turbulence
data given in the data base represent average values of sev-
eral axial explorations performed at different vertical posi-
tions in the plane ol symmelry of the nozzle. These mea-
surements teveal satisfactory transverse uniformity of all
flow parameters recorded in the data base. A moderate
negative mean gradient of the axial mean veloeity is ob-
served upstream of the shock wave, with a more or less
pronounced corrugated variation of the velocity, presum-
ably due to steady Mach waves originating from the turbu-
lence generator {20).

For the CEAT experiments, the reported measurements were
performed hy single explorations on the axis of the flow.

Sepaiate measurements have revealed satisfactory trans-

verse uniformity of the velocity in the central region of the

flow interacting with the shock wave [2).

The CEAT data sct also includes information about the be-
havior of integral length scales relative to mass flux fluctu-
ations, deduced from autocorrelations of hol-wire signals
via Taylor's hypothesis, This procedure yields only ap-
proximate estimates of the length scale downstream of the
shock wave, due Lo the fact that the mean velocity is not
constant. However, the associated uncertainty of the length
scale estimation remains acceptably small, of the order of
a few percent, The data indicate a larger decrease of the
lengthscale than that found in the DNS of Lee ez al. [118]
for the same Mach number, and nearly the same Reynolds
number (but for a higher level of the turbulence Mach num-
ber). The comment on the crucial limitation of DNS re-
garding the level of the Reynolds number (see above) also
applies to that experiment.

It 15 emphasized that the present compilation is to be con-
sidered as a first attempt to create reliable data bases on the
topic of (stationary) turbulence/shock wave interactions. In
spite of severe limitations with regard to LES assessment
(as outlined before), it is expected that the data selected
for this purpose will provide useful information for first
chiecks on numerical simulations of compressible wrbulent
flows involving shock waves,

21
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44 SUMMARY OF SHOCK-VYAVE/ GRID-TURBULENCE INTERACTIONS

SHWO0O0 Stationary shock on grid wrbulence E Jacquin, Blin & Gelfroy [91] pe. 105

SHWOI Stationary shock on grid turbulence E Barre, Alem & Bonnet [13] - pg. 107

E: experimental cases. N: numerical ones. Consultindividual dati sheets for more details
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5.1 Introduction

Fully developed pressure gradient driven turbulent flows in
pipes and channels are ideal model fows {or simulations
of wall-bounded turbuience. Since the flow is fully devel-
oped. it is homogeneous in the streamwise direction. Thus,
periodic boundary conditions may be used in that direction.
avoiding the problems associated with inflow and outflow
boundary conditions. Further, by assuming homogeneity
in the spanwise direction in the channel and imposing pe-
riodicity, or by using the natural angular periodicity in the
pipe. one can use ransform methods 0 invert the elliptic
aperators that oceur in time discretizing the Navier-Stokes
cquations,  This greatly simplifies the numerical proce-
dures. Finally, since the flow is statistically stationary, by
making an ergodicity assumption, statistical quantitics can
be casily computed by averaging in time,

For these reasons, fully developed channel lows have long
been simuiated numericully, both by LES (e, {149,
167]) and DNS [108, 139, 135, 182, 104]. The pipe flow
is less often simulated due o the need o use cylindrical
coordinates, and deal with the coordinate singularity at the
centre-line. A variely of rescarchers have reported success
in simulating channet flows using a variety of LES maodels.

There have been many of DNS's ol the channel flow at
low Reynolds number, starting with the simulation of Kim,
Moin & Maoser | 108], which was at Re, - 180 to match
ihe vil-channed experiments of [SS, 112). These low-Reyn-
olds-number simulations are not included in this data base,
though they have been used extensively in the past (espe-
ciadly [108]) for comparison to LES. The reason 1s that the
Reynolus numbers are so low as to make LES a question-
able endeavour. However, there are three simulations avail-
able at higher Reynolds numbers (Re, <o 300, 395 and
520 (139, 164]. The simulations at 395 and 590 reported
by Mansour, Moser & Kim [139] arc included here as cusce
PCHI10. There are also two {ully developed pipe low DNS
available [ 132, 561, both at the sarme Ite, — 380 (based on
drameter), which s also really too low for meanmgtul LES.

However, since these arc the only cases for which detailed
DNS data are available, one of the pipe simulations is in-
cluded here [132). Furthermare, a numerical simuolation of
a rotating pipe {160] is included to provide a cuse with an
extra complication.

In addition to being atractive flows (o simulate. the chan-
nel und pipe are also experimentally attractive, and for many
of the same rcasons. For providing data that is consistent
with the idealizations inherent in a numerical simulation
(LES or DNS), the pipe is the preferred geometry, sinee the
complication of experimental side walls is avoided. Chan-
ncl flow experiments are usually done in rectangular chan-
nels with Iarge aspect ratios (12 or higher is common), o
avoid larpe side wall cffects. On the other hand it is of-
ten easier 1o make measurcinents in a channel. due (o the
planar boundaries. Several sets of experimental data are
included tor hoth pipes and channels  For channels. there
have been many experiments over the years (e.g. [ 114, 39,
55,95, 222, 158)]). 'Two recent experimental studies using
the best currently available measurement techniques were
selected 1222, 157]. The Niederschulie experiment [157)
(case PCH 1Y is at Jie, = 921 (e, = 18, 339) provides
very well resolved profiles, down 1o very close to the wall.
The Wei & Willmarth data [222] (case PCH12) has less
well resolved profites, but includes a range of Reynolds
numbers (Fe, = TO8& 10 1655). In addition, data from the
classical experiment of Comte-Betlot [39] are included as
case PCHI13. These remain the highest Reynolds number
channel low data available (Re, = 2340 w0 8160). How-
ever, the measurements ol Comite-Bellot weie made with
relatively fong hot wires (see the relevant data sheet on
page ), o great care is required in useing these data, In
particular, the near-wall dava are not reliable. Experimen-
tal pipe flow dia from 4 sources (|54, 166, 213, 228]) are
mcluded here as cases PCHOL through PCHO4. They span
a range of Reynolds numbher from 750010 35 x 10% with
variety of data avatlable.

Fally, channel flows and pipes have been simulated and
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measured experimentally with a varicty of complicating
features such as rotation and curvature. These flows pro-
vide an opportunity (o address these complications in a
flow with very simiple geometry. Thus several rotating
flows are included in this sceetion. They include the ax-
ially rotating pipe simulation by Orlandi [160] (PCHO5),
and both experimental (197, 156). PCH20 and PCH2Y) and
numerical ([168, 113). PCH21 and PCH22) rotating chan-
nels.

The pipe, channel and rotating channel lows are discussed
in more detail below, The cases included in this section are
listed in table 1,

5.2 Pipes

Perhaps no other flow has heen stadied as much as arbu-
lent flow in a pipe. Aside from its obvious prachical impor-
tance ina vast varicty of industrial applicatiens, pipe flow
has drawn the interest of rescarchers because of its peo-
metrical simplicity and because of the apparent case with
which it can he studicd experimentally.

The laminar parabolic pipe profile is known (o be stable
to small disturbanees and so the ereation of wrbulent pipe
flow is usually awributed to transition i the pipe entry
boundary fayer. As the layer develops along the wall small
disturbances become amplificd producing tuwsbulent spots
which convect downstream eventually merging to produce
turhulent ffow across the full width of the pipe.

Lindgren {131] and Tater Wygnanski & Champagne [224]
showed that this picture is adittle too simphstic. Below a
pipe Reynolds number of about 3200 (based on diameten)
a varicly of mechanisins play a role in ransition depend-
ing on whether the entry flow is smooth or disturbed. Be-
low a Reynolds number ol 2300 even large disturbances
at the pipe entrance will decay and the flow will relame
inarize.  Above a Reynolds number of about 32000 tar-
bulence initiated by a disturhed entry condition will be
maintained.  Considerations of the transinon pracess are
particularly important in the context of direct numerical
simutations which, due to computer hardware limitations.
are neeessarily limited to relatively low Reynaolds numbers.
Since most simulations are time developing the flow must
be initiated with disturbances which are large enough o
excite nonlinear amplification mechanisms and the sim-
ulation Reynolds pumbers must exceed the feo= 3200
threshoid.

A number of criteria have been proposed to test whether
a pipe flow is fully developed. Probably the most rig-
orous is the requireiment that fully developed flow corre
sponds to a state where the turbulence intensity in the pipe
is independent of significant changes in the entry condi-
tions. The equivalent eriterion for & wempordl simulation
1s that the wrbulence level of the simulation at lage tanes
must be independent of the turbulence Tevel used oot
tiate the flow. While this cniterion s probakly the maost
rigorous, it s rarely used for praciical reasons ol compu
tattonal cost or facility limitations  Faxpersmentally. fully
developed flov 1 generally accepied to occur beyond an
entry distance of 100 to 150 diameters Simulations aie -

sumed e he fully developed ance time averaged stalistical
quantitics converge and good agreement with experimen-
tally measured mean velocity profiles has heen reached. In
this respeet simulations are not carried out for the express
purpose of gencrating mean velocity dat but rather they
are underlahen to provide information about pressure and
higher order velocity statisties which may be diflicult or
impaossible 1o obtain cxperimentally.

Although experiments on pipe flow have a long history
going all the way back o the classical work of Osborne
Reynoids there remains today intense interest in this flow.
Maost recently basic Jogarithmic scaling laws for the mean
velocity near the wall. which were once universally ac-
cepied. have been ealled into question by Barenblait [Y)
who proposes o replace the Reynaolds number invariant
Jagarthmic profile with a Revinolds number dependent power
law profile which asymptotes to o logarithmic envelope,
The distinetion hetween the two profiles goes to our most
fundamental understanding of the dependence of wrbulemt
flows on Revnolds number when the Reynolds number s
very harge. At the time of this writing, this controversy has
nat been resolved one way or another and there are strong
feelings on both sides.

Eventundly, when the dust setiles a key role in deciding the
outeome will hiwve heen plaved by the pipe data enclosed
with this data base. In particular, the recent measurements
of Zagaroly (Case PCHO5 when combined with the mea

surements of Henbest (Case PCHO2), Durst (PCHO1) and
Toonder (PCHO3Y, provide a range of nearly five orders of
magnitude 1 the Reynolds number with a useful amount
of redundant overlap between cases. The simulation data
base of Loulou (Case PCHOO)Y provides fundamental in

lormation about flow statistics particularly near the wall
where measurements of skewness and fliness have been
the subject of debate, The rotating pipe case of Fatica
(Case PCHOS) s included o provide data on the effectof
rotation an rbulence ina well defined geometry.

5.3 Channels

The adeatized twrbulent flow hetween two paratlel plues
diiven by a mean pressure grdient parablel o the wall is
perhaps the casiest wall bounded flow o understand. Tt is
homogeneous in the strcamwise and spanwise directions,
Also,antegrating the mean sicumwise momentum equa-
ton from wall o wall yiclds
. Larar
Trot et It iy =4 r
where 7 18 the total mcan shear stresse s the coordi
nate normal o the walls (7 = 0 at the channel cenue), U7
1 the mean velocity and 21" ¢ the mean pressue gradic
ent. Thus, we have an analyte expression for the mean
shear stresss This provides a sanity check on both ex-
permmental and computatonal data. and m experiments,
allows the wall shear stress to be unambiguously deter-
nuned. enther by measming the pressure gradient or the
Revnolds stress Tar from the wall where the viscous stress

s neghgible The Reynolds stress and equilibeium total
stiess are ploted from bath the simulations [ 139] (PCHTO)




Rey Re, Comments

PIPE FLOWS
PCHOL,
PCHOI

S600 380

7442-23800 4901200
PCHO2  29300-80500  1610-3900
PCHO3 24580 1382
PCHO4  31000-35 x 10°  1700-10°
PCHOS 4900 340

CHANNEL FLOWS
PCHIO  6875-10935 395-590
PCH11 18400 921

PCHI2 13145-35353 7081655
PCHI3  57000-230000  2340-8160

Spectral Method
Includes roughness

Superpipe
Finite Difference

Spectral Method

Analog Hot Wire

ROTATING CHANNEL FLows
5500-17500
2850 177
2900 194
67-300

PCH20
PCH2!
PCH22
PCH23

0-0.21
(.144  Spectral Method
0-0.5  Finite Difference

850-5000 0-0.055

Table I: Comparative listing of cases in this chapter of the database. Consult data sheeis of individual cases for more
details, also see Table 2. Itey, is Reynolds number based on bulk (average) velocity and channel half-width (diameter for
pipe), fe, is based on Iriction velocity and half-width (diameter), and the rotation vuinber Ko, = Q8 /Uy, where § is
half-width and Uy, is bulk velocity.

and the experiments [157, 222, 39) (PCH11, PCHI2 and
PCHI13) in figure 1. Tor large g, all the data should lie
just slightly above the equilibiium line, by the amount of
the viscous stress. Note however that the dina of Nieder-
schulte (PCHI 1) and Comte-Belot (PCH13) lie below the
line (greater stress), while some of the Wei & Willmarth
data (PCH12) lic above the line, This must all be consid-
ered (o be errory however, the cause of the error is not ob-
vious. Regardless of the cause, these ervors provide some
guidance as o the accuracy of the second urder statistics in
the channel flows.

Near the wall, the channel flow has the usual features of
a wall bounded tarbuient flow such as a boundary layer.
In particular, the mean velocity exhibits an approximate
log-layer and viscous sublayer, In analyzing this in detail
however, ope must gceouni for the lact that there is actually
a mild favourable pressure gradientin this flow. The rm.s.
velocity profiles near the wall are also similar to those of
other wall-bounded flows. Shown in fipures 2 and 3 are
the mean velocity and rmus. sticamwise velocity from the
channel flow cases included here.

Figure 1: Total stress (equilibrium, dark diagonal line) and
Reynolds shear stress on one wall of the turbulen! channel
cascs o PCHI2 at Rte, = 1655, » PCHI2 at fle, = 1017,
4 PCHI2 a1 Re, = 708, —— PCHII at Re, = 921,

PCHI0 at Re™ = 590 ang ---- PCHIO at Re, =

Despite the vange of Reynolds numbers, and the three inde

pendent sources of data, the mcan velocity profiles in wall
coordinates collapse remarkably well for the cases PCH0.
PCHET and PCH12.  Absent among these cases are the
variation of log-layer intercept with Reynolds number that
is commuan at very low Reynolds number. The exceptions

which lie above the others. Tn neithier case is this consis-
tent with an overall Reynolds number effect. This would
seem indicative of the accuracy of the mean profiles in this
casces.

In the rms streamwise veloceity profiles, the near-wall peak

1o the good datit collapse are the e, = TU8 piolile from
PCHI12 . winch lies slightly below the others in the log re-
gion and the Re, = 2340 and 8160 profiles from PCHI13,

vibue is expected (o be a weakly increasing function of
Reynulds number [ 198, 174], and this is certainly true of
the data from PCHI2, However, the peak in the PCHII
case (He, = 921y is lowes than the Ke, = 708 peak from
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Figure 2: Mean velecity profiles from the tuirbulent chan-
nel cases. Symbolys are as described in figure 1.

PCHI1Z, and the peaks from the two PCHI0 computations
(Mo, = 395 and 590) are higher than the Re, = 821 end
Rey = 708 cases from PCHIT and PCHI2 respectively.
Thus, the data from the three cases are pol consistent with
each other regarding the ramus, w peak, and certainly are not
consistent with a monotonic increase with Reynolds nun
ber, This suggests the level of uncertainty in the s, ve-
locity Quctuations, Note that the near-wall data of Comie-
Bellot (PCHI13) is not plotted here becavse they are not
considered relinble near the wall.

5.4 Rotating channels

Rotation, like curviture and buoyancy [ 23], can have a fun-
damental influence on the stability of shear layers

Caonsider a unidirectional shear flow, characterized by a
velocity U7(y) in the streamwise divection r, and rotating
about liie spanwise direction z, with angular velocity (1.
The fundamentad parmmeter deseribing this flow i the ra-
tio S of rotation and shear vorticity —dU7 /dy

20

S - :
dl: [y

number flo =
and {7, the ve-

or, in nendimensionat erims, the roiatien
2|88/, where & is typical length scale,
locity seale.

This parameter can be related to the Now stability through
an equvaient gradient Richardson number [23);

LS5S4

The role of the rotation is found to be destabilizing {97)
[215) when:

or
13 <0

In tamimar flows, as reviewed in [113]. the eflect of the
rotation is 1o retard or suppress laminar- turbulent transiion
for & = 0 (stabilizing), or to move it to fower Revnolds
nambers for ~1 <« 8§ <0 (destabilizing). Restabilization
can be expected tor S < 1L

LIEaL

<

Unstabls

v

Figure 4: Diagram depicting the configuration of the retat-
ing chanoed fram [97]

In turbulent osws, the study of a two-dimensional bound-
ary layer i retation about the spanwise axis [97] leads to
the conclusion that rotation can either increase the level of
wrbulence. for S < 0, or deerease it for S > 0, through
its interaction with the wall-layer streak bursting process.

In view of the fundimentalhmportanee of the phenomenon,
as well as its practical interest (rotating machines), wrbu-
lence models shoukl be able to repraduce and predict this
betrniour

An mieresting case of flow rotation is that ol a rotating
two-dimensional developed channel flow (otating chan-
nel for short), where the two aforementioned effects ae
both present in fact turbulenze is mereased on the unsti-
ble (pressure, Jeadingy side, and decreased on the stable
(suction, trailing) side (see figure 4), Therefore, they can
be both studicd and simulated in a single How. Availability
ol reliable experimenta! daea [97) and ivatching Direct Nu-
merical Simulations (113, 4, 168] makes it a very sujtable
test case for mode) validation, and it has been used as such
by several researchers {168, 107,153, 205, 203, 7).

54.1  Experiments

Because of the difhiculty in setting up this low configu-
ration, expenments are rare. However, data {rom two e
included here: The classieal work of Jonnston et al. [97]
andd the more recent work at fower Reynolds numibers of
Nakahavashi and Kioh [ 156].

The experiments of Johnston et al, illuminated the over-
all charactensties of the flow, except Tor the Tow Reynolds
number effects explored by Nakabayashi and Kitoh. Thice
main phegomena were in evidence:

o the reduction of wall bursting on the stable side, kead-
ing 1o a reduction in furbuienee level. An opposite
clicet should be expected on the unstable side. but it
wits ot visually noted.

o The development of Tour roll eells for Ro, > 0,00 -
0100 These structures originate on the unstable wall
and play a very important role, mteracting with the
bursting phenomenon and gansporting hiph tnbu-
lence Huid Trom the wall layver o the core flow, The
roll cells are assumed o be acreatizanon ol o Taylor-
Gortler mstabiliry,
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Figure 3: Streamwise rms velocity profiles from the turbulent channel cases. Symbols are as described in figure 1.

o Full relaminarization at Rey = 10000 — 12000 and
Roy = 0.21, associated with a region of negative
rate of turbulence encrgy production.

Velocity profiles show increasing asymmety with growing
Ro.

At the same time, the evolution of friction velocity u, with
Rouy shows an increase of turbulenca level on the unstable
wall and a corresponding decrease on the stable wall, with
respect to the friction velocity u,, measured in absence of
rotation. Two main effects are evident from the data: the
saturation of w, al high Ro on the unstable side, which
is altributed to the development of the roil cells, and the
strong drop of u, on the stable side, corresponding to the
relaminarization,

Overall, the available information in [97] offers a complete
qualitative description of the flow, which the predictions
should match, and enough quantitative data (o assess their
quality. However. it should be kept in mind that neither
DNS nor the most recent LES predict the full relaminar-
ization nor tne corresponding drop of 1, on the stable side.
Therefore the possiuility remains that this behaviowr might
be due to the test section and, notably, to its short lergth
which would prevent full development (equilibrium) of the
flow. Tor validation purposes, it would be preferabie to
base the comparison on the mean velocity profiles and the
surface velocities measured before relaminarization.

5.5 Simulations

Because of its simple geometry but complex and interest-
ing flow, the rotating channel has been the subject of sev-
cral DNS studies. Two arc included here: Kristoffersen
and Andersson [113] and Piomelli and Liu [168).
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5.6 SUMMARY OF PIPES AND CHANNELS

PIPES

PCHO0 Pipe N Loulou et al | 132} pe. 1 H
PCHOIL Pipe E Durst et al [54) pe. 113
PCHQO2 Pipe E Perry et ai [166) pp. 114
PCHO3 Pipe i3 Egpels o ol [56) e 116
PCHO4 Super pipe E Zagarola [228) pe. 117
PCHOS Rotating pipe N Orlandi & Fatica [160] pe. i 18
CHANNELS
PCHI0  Channel. Re, = 400 =300 N Mansour ef af [139] pe 119
PCHITI Chanmnel, Re, = 921 E Nicderschulte [157] ng. 121
PCHI?2 Channel. Re, dependence E Wei & Willmarth [222 pg. 122

_PCHI3 Channcel. Bigh Re € Comite-Bellot [39] pg. 123
ROTATING CHANNELS

TPCH20 Rotating chatmal F Johnvion ef al |97] pg. 124
PCH21 Roteting channcel N Piomelli & Liu {08 pg. 125
PCH22 Rotating channel N Anderson & Knstafiersen [4) g 126
PCH23 Rotating channe! E Nakapavashi & Kitoh [156] pe. 128

E: experimental cases. N2 numerical ones. Consult individual data sheets for more details
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6.1 Introduction

There are a large number of experimental studics of {rec
shear layers, particularly in subsonic fows, Gver 200 pa-
pers could be cited. However, for the purposes of LES val-
idation, emphasis will be given to studies in which initial
conditions and streamwise evolution are available. Since
the review of Birch and Eggers [19]. and the detailed com-
pilation by Rodi [175), several review papers have been de-
voted to these lows (see for example Ho and Huerre [80],
Ficdler er al. [62]). In the present data-base we focus our
attention on nominally 2D flows (except for the data on
axisynunetric jets).

Free shear luyers are of interest for several industrial pur-
poses such as afterbody or propeller characteristics, mix-
ers. burners etc., and constitute a basic flow geometry which
is an ingredient in several more complex flows. The un-
derstanding of the physics of such flows, as well as the
ability to predict them computationally, is the key to con-
trolling the mixing processes, pollutant dispersion, noise
generation, vibrations, and flow control. Even for cases
that are 2D in the mean. these flows rapidly undergo transi-
tion to 3D, though they are often dominaied by large scale,
quasi-2D organized “fructures. generally arising {rom the
Kelvin-Helmoltz instability. They are also often associated
with smaller scale eddies with different orientati as. The
consequences of the complexity of flow structures on the
choice and validation of prediction methods is Ciscussed
in Fiedler er al. [02]. In this regard, LES is well suited for
free shear flows.

The computation of these flows may be simpler than most
of the other flows addressed in this data base. Except for
the splitter plate used to generate inlet conditions, the flows
develop without solid boundaries and the resulting regions
ol low Reynolds number. Vhese charactenstics generally
simplily the computations, However, soine complexitics
are still present such as the influence of initial conditions.
wall proximity, externa) turbulence ievel ete. In ger ral
(except for the grid and shear-free nuxing Javers), the flows

are created from boundary layers that should be correctly
compuled or prescribed as initial conditions. This is not
always simple, particularly when abnormal boundary lay-
ers, such as (hose that are tripped. arc used to generate
the flow. On an other hand, transition can occur during
the flow development, the computation of which is always
complex. As mentioned above, the different kinds of flow
structures should be well reproduced. Lastly, the stream-
wise evolution towards the asymptotic states is a process
that should also be correctly computed; the comparisons
between computations and experiments should not be re-
stricted to the asymptotic, ssl-similar part of the flows,
Particularly, experimental results obtairned from momen-
tum integration (such as turbulent shear stress), encrgy or
shear stress balances are based on the presumption of self
similarity, which may be absent or difficult to prove.

There are several specific experimental difficultics that aris~
when measuring free shear leyers using Hot Wire Anemom-
ciry (HWA) as well as Laser Doppler Velocimetry (LDV).
A major problem arises when onc part of the flow is at rest,
In particular, this occurs in one stream mixing layers (test
case SHLOO), or jets in still air (YHL30 and SHL31). For
these configurations, stationary hot-wires are problematic
because the turbulence intensity is high (say 30%) even at
the centreline and exceeds 100% towards the edge because
the mean velocity becomes very small. However. recent
advances in the flying hot wire technique solve this prob-
lem. A review of this complex method can be found in
[30]. Resul . obtained with flying hot wires in jets are de-
scribed later in this text. These kind of problems are not
encountered when using burst spectrum analyzers with a
Bragg cell in LDV neasurements,

Difficulties also occur when using HWA in supersonic mix-
ing laycrs. particularly when vne side is subsonic, while
the othr side is supersonic. This is the case for the three
supersonic cases SHLOO to SHLO2. For these flow config-
urations, the hot-wire has to operate in subsonic, transonic
and supersonic regimes, For a complete survey, the re-
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sponse of the HWA will differ depending on the regime.
For Mach numbers less than typically 0.8, or greater than
1.2, the sensitivity of the HWA's are well known. However,
in the transonic regime (0.8 < A <« 1.2), special calibra-
tion is required. For test case SHLOD, a specific calibration
procedure has been used [11]. In supersonic flows the fie-
quency response of the HWA can also be a limitation of the
method. However, for test case SHILOO. it can be assumed
that the [requency response s suflicient, as stated in the
description of the supersonic ext cases.

When LDV is used, the size of the seeding particles is
of concern, particularly in high speed. supersonic flows.
Johnson [96] gives some estimates of -3dB cutoff frequency
for Mach 3 flows. As an example, for pm diameter, the
cutalfis estimated to be approximately 22kHyz. This covers
major portien of the fluctuations in the test cases SHI.20 -
21 as noted by Samimy and Lele [184] based on DNS re-
sults!, In the test case SHLO2, the particles are smaller, so
the cutoff frequency is expected to veeur ataround 86 kHyz.
For the same 50kH7 freauency response requirement, the
particle lag is apparently negligible.

Finally, for LDV measurements, a seeding bias can oceur,
in addition to the veloeity bias generally taken into account
in the data processing ([57]). The seeding bias is depen-
dent on the seeding location. Whien flows have a marked
organization with large scale structures. for example, the
LDV results may depend on the locition where the parti-
cles arc injected. Particularly for supersonic mixing layers.
results can be different if the flow is seeded in the super-
sonic (upstream) part or in the subsonic part, or in both
parts. The influence of different seeding locations was ad-
dressed for test case SHL22, Dual seeding is generally ap-
plicd, without definitive justilication because it is always
difficult to exactly balance the sceding raie between the
two sides.

6.2 Mixing layers
6.2.1 Spatially Evolving Mixing Layors

Except for the sheaaess mixing layer. the mean shear of
these Nows is constant or behaves according to well known
laws, and the flows evolve towards an asymptoti-=, self sim-
ilar stare. The most obvious diagnostic Tor similarity is the
spreading rate, The spreading rite can be defined accord-
ing to several different measures: evolution of any of a
nuinber of characteristic thicknesses (¢.p. vorucity thick-
ness, velocity thickness. wotal pressure-hased thickness for
flows mixing two gases, visual thickness from How visu-
alizations, cte.), or evolution of similarity parimeters. Al-
thouph different in detail. all these parioneters are Tinked
logedier tirough siple relationships [173]0 For mixang
layers with one side atest, the evolition of the conven-
tonal thickness b (correspondimg to the diztance between
the tocations where the velocity reaches Heand 9075 of the
external velocity) is dh/dr = e The relerence param
eter 7 18 the the spreading parimeter. Some scatter evists
on the reference vittue but a peneral consensuns oj oy ~ 11
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Itis well known that, for subsomie, plane, single gas two-
stream miaving layvers, the spreading rate is a function of
the velocity ratio, r. Asan example, the following relation-
ship, knownas the the Abramovich-Sabin rule, is gencrally
aceepted forincompressible iso-density flows |1, 183]:

dd.Jdr - Jalag. A~ 0L16)

where A s the vortiety thickness and A = }—|—: with
r= [, /0 ratio of external velocities (the subseript | cor-
respondsto the high speed side). In case ol variable density
Hows, the spreading rate can be estimated from [29)

dd fdr >~ (L18A

s
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is accounted for (s = p)/pg). For supersonic lows, the
spreading rate depends on the value of the Mach number,
When this parameter increases, i dramatic decrease of the
spreading rte is observed. The canvective Mach numberis
generally used as the relevant parameter {21, 163, 49, 120,
1951, In the case of flows with the same gas on the (wo
sides, as in case Tor the present data base, the convective
Mach number is expressed as:

In this coses A where the density ratio

A ot

' ay - oo
(ay and a, are the speeds of sound of the two external
streams). In this case, the spreading rate can be estimated
from:
dS Jdr >~ 018ND(A)

Discussions on the function (M) can be found in | 195].

In pursiing LES validation, it should he recalled that some
scatter 1y abserved among dhe different experimental re-
sults These diserepancies can be attiibuted to several pa-
rameters {200 88, 89, 28] Oster and Wy pnanski [101] pro-
posed a “partial random list of possihilities” Tor these dis-
crepancies: (1) webulence nthe fiee streams, (1) oseitla-
tons an the free socam due o wind tunnel defects, Gib
aspect rato, vy length of the fest section, (v) residual
pressure gradient, (viy vibrianon of the sphitier plate, (vii
structure of the boundary Tayers at the sphitier plite, (vin)
curvature and anple of the two streams at the spliter plate
outllow and 0x) Reyvnolds number

Some of the issues divcussed above are difficult to maodet,
such as (1, (v) or (vid (s Tast charactenistio must be ad-
diessed o compute case SHLOW. From LES, pazamatrie
studies can however be used o determine the sensitivity of
thie flows to these parameters. Most ol the other parameters
vary from one testease (o the other. Porexample, the exier-
nal turbulence Tevelis difterent among the test cases The
cxternal turbudence level is knowa to play an important vole

(producing hagh sprewding rates) 1l expressed in pereent,
Larper than 0230 0001 = 7)/(1 4 1) 1a: subsonic, two
stream nuxang bayers (0-5%0 or one-sircam mixing livers)
(1651 The state of the boundary layers present at the bail-
mg edge of the sphitter plate used 1o generate most of these




flows play an important role. Depending on whether these
boundary layers are laminar, transitional or turbulent, the
'angth of the developing part of the shear layers (i.c. the
distance required to establish self-similar profiles) can be
different. The influence of the initial conditions on the
spreading rate is not so clear. However, provided the ex-
ternal excitation has a broad band spectrum (ideally white
spectrum), the flow can be considered as “well balanced”
and the consensus obtained on the dependence ol dd /dx
and. more sensitively, on u'07 on 7 can be aceepted within
perhaps ~ 5%%. With the dilferent test cases provided, the
ability of an LES (¢ predict this effect can be tested. The
influence of the Reynolds number can also be investigaled.
This is of relevance when the shear layers are initially lam-
inar but can also be important when transitiona! flows are
considered. Lastly, die compiessibility effects due to high
velocities can also be addressed through the data provided.

The present data-base includes several configurations that
offer a cominnation of the most relevant parameters cited
above. It should be noticed that, despite quite different
experimental conditions present in this data base (turbu-
lent/laminar initial conditions, subsonic or supersonic {lows).
the velocity vatio of » = ().6 is a commoa value, thus many
of the eflects discussed above can be addressed indepen-
dentiy of the velocity ratio.

Several experitnental resulls were not available from nu-
merical files but only frons the literature. In these cases, as
described in the corresponding ‘read-me’ files, the data are
obtained {rom digitizing printed documents.

6.2.2 Subsonic Plane Mixing Layers

First, subsonic plane mixing layers are considered, The
velocity ratio is variable from a value of 0 (one side at
restyup to 0.8, Initial conditions arc not available Tor each
flow but, if net. the geometry is simple enough to be mod-
clled. Thus, the mfluence of velocity ratio can be tested.
For some of these data. both Taiminar and turbulent initial
conditiens are available, The streamwise evolution is avail-
able in the case of two stream flows. Table | presents some
characteristics of the dilTerent mising layers.

The st set of data s devoted 1o single strcam flow (onc
side atrest), while the others are concerned with two-stream
flows. The spreading rates expressed in terms of g are
in good agreement excepi for SHEOO and some cases of
SHLO2. These points will be briefly addressed below,

o The first case, SHLOO, represents the basic results of
single stream mixing layers {2261, No initia) con-
ditions are available, and the cffect of the tnpping
wire is not clearly quantfied. nor is the presence of
the wall at the exit plane. The spreading rale ob-
tained 1s known to be too high (1.e. the value of o is
too low when compared to the rest of the literature).
This point can be a challenpe fur computations. The
trip wire s generally considered to be a source of
artificial exceitations. The ellect of the trip bas been
anayzed in detail and conflirmed by the experiments
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Rel r A odb/dr,  dé,/dx a0
o oo

SHLOO 0 / (on) / 9.

SHLOI 06 025 (6n) 0.023 109

{tripped) - - 0.019 13.2

SHLO2 0.5 0.33 (6.) 0.0318 104

- 0.6 0.25 (0.0235 10.6

- 0.6 0.18 0.0168 10.5

- 0.7 0.11 0.0124 8.95

- 0.8 0.053 0.0073 7.2

SHILO3 03 054 ()] 0.08 Y.72

- 04 043 0.041 9.55

- 05 033 0032 11.48

- 06 025 0.022 10.3

SHL04 0.54 0.3 () 0.05 10.6

SHLO6G 047 0.36 (o) 32 10.6

Table 1: Overall characteristics and spreading rates of the
test cases.

of Blatt [6] and should be taken into account {or the
sunulations. Very detailed measurements ate avail-
able in the self similar region (including turbulent
cnergy budgets). '

e InSHLOIL. fora single velocity ratio, the influence of
the nature of the boundary layers at the wailing edge
can be tested since Lwo cases arc available, that is
with a laminar or turbulent (ripped) boundary layer
(18], In the case of laminar boundary layers, the
layers are probably pre-transitional, Only integral
parameters and mean velocity profiles are given (no
wrbulence daw) in the boundary layers. Within the
mixing layers. Reynolds stresses are provided for the
developing and asymptotic regions,

e When the velocity ratio approaches one, the flow
can exhibit a behaviour sinular to a wake flow near
the trailing edge. This wake effect vanishes down-
stream when the mean shear stress becomes predom-
inant, Case SHLO2 exhibits tus feature in flows
with velocity ratios » varying from 0.5 w0 0.9 | 144}
In this set of data, § velocity ratios are available.
The boundary layers on the flat plate are turbulent
(iripped) and no turbulence data are provided. Two
components ol velocity ductuations are given for sev-
cral distances from the trailing edge. The spreading
rates measured with the velocity ratio close 10 one
are guile far from the usual value due o wake ¢f-
fects. In this case. the minimum developmentiength
necessary to reach similarity (~ 600.(©, + O3)}/A
[851) is probably not obtained (& is the boundary
fayer momentum thickness, subsceripts 1 and 2 refer
1o the two sides of the sphitter plate).




¢ The presence and role of large scale motions can be
more clearly observed when tae flow is forced with a
frequency close o the most unstable one. Data from
such forced flows are available in SHILO3 [161]. In
this case, four velocity ratios (from 0.3 1o 0.6) are
available, but 7 = (.6 ix best documented and is
therefore to be preferred. No boundary layer data
are provided. Detailed wrbulence data (Reynolds
stresses) are provided for the closest downstream sta-
tion. A special set of data is provided when the
trailing edge is Happing, for the same velocity ra-
tios. Frequency speciraare provided. In view of the
computation of this flow, it should be recalled the
the perturbation velocity normal to the mising layer
plane is frequency dependent. Indeed, the amplitude
of the movement of the splitier plate is kept constant
while the frequencey is varied, then the perturbation
velocity varies according to the frequency .

In the data set SHLO4, a single configuration (r =
0.6, wrhulent initial boundary layers) is available
with very detailed data [46]. For this case, the usual
statistics are provided with the streamwise evolution
and initial conditions. In addition, higher moments
(skewness and latness) are provided. From an ER-
COL' TAC data base, large records of instantancous
hot wire velocity measurements are available (notin-
cluded in the present data base). Detifed character
ization of the wrbulent boundary layers are given al
the trailing edge (fongitudinal velocity fluctuations).
All the terms of the Reynolds stress tensar are pro-
vided for several downstream locations. Estimation
of turbulent dissipation is also provided. High or-
der moments are available. Some frequency spec-
tra are given and in the similarity region, the turbu-
lent kinetic energy budgetis establisned. In addition,
the PDF of velocities (including velocity differences
of two velocity components) are given for three lo-
cations of the reference probe, namely on the axis,
near the external part »nd for an intermediate loca-
tion. Joint PDF's wre considered for space or time
separatio.,s.

The influence of free stream turbulence is addressed
by the test case SHLOG [209]. in this configuration.
the inieal conditions are quite different (no splitter
plate) and are a priori well suited for simulations.
In this experiment. the flow is created by two grids
of difterent size. The mixing layer with a velocity
ratio of 0.47 develops inside a stream with a signif-
icant turbulence fevel (typically 4% ). No details are
given on the typical scales of the zeid tuhulence. Tn
this case. the most sensihle initial condinons would
be from two different simulations of grid wrbulence.
However, there is no splitter plate and the detatls
of the initial low are not known. The flows out
side the mixing layer can be modelled as conven-
tional grid- generated wirbulence. Three downstream
regions are tested with two velocity fluctuation com-

SAL Glezer, pavate communicition

poanents. One and two point eorrelations are avail-
able (for 2 velocity component) at one station.

6.2.3 Temporally Evolving Miving Layer

Mase SHLOS includes three direct numerical simulations
of time developing mixing fayers as simulated by Rogers
& Moser [179]. A time developing mixing layer differs
from its spatally developing counterpart in that the Jayer
has uniform thickness (on average) in the streamwise di-
rection, is homogencous in the streamwise direction and
grows in time. Itis computationally smuch more tractable
than the spatially evolving mixing layer conunon to exper-
iments. Asymptotically Tor small AL a spatially evolving
mixing layer when observed in o referenee frame mov-
ing downswream at velocity U = (U7 4 Uy)/2 is equiv-
alent ta a time-developing mixing layer. However, for the
purpases of comparison to LES. it is preferable to com-
pare a time developing mixing layer LES 1o these time-
developing DNS's.

The time developing nature of the simulations have several
inportant consequences relevant to the comparison of LES
1o the DNS simulations.

First, since the flow evolves in lime. it is not possible o
do time averaging to obtain converged statistical quanti-
tics. Instead. averaging is done in the homogencous spa-
tial dircctions (ie.  the streamwise and spanwise diree-
tons). Thus the statistical sample available is limited. and
in general 1s not adequate 1o obtain converged slatistics.,
For example, i figure 1, profiles of the rn.s. stecam-
wise veloeity fluctuations are shown Tor several times laken
from a period during which the mixing layer is approxi-
mately self-simular. The profiles have heen scaied using
sell-simitlay scaling (see [1791). so they are direetly com-
parable. Notice that near the centre, the profiles are rather
notsy. and difTer in detai’ from each other, This is a conse-
quence of the poor statistical sample. In addition, there is
a small systematic variation among the profiles. due to the
imperfection of the self-similarity.

Since LES is only able to reproduce the actual turbulent
How in a statistical sense.atis really only sensible to com-
pare converped LES statistical results with converged statis-
tics from the DNS. In principal. this would involve averag-
ing over an ensemble of DNS and LES simulations started
from an cusemble of nitial conditions drinen from some
distnibution. Unlortunately. this is not deasible. The next
best approach is o compare the statistics computed from
an LES and a DNS begon lrom identical (filtered for LES)
imual conditions. In this way, the flows o be compared
will begin with identical large-scale femures, which are
presumed to be regponsible for the vanability in the one-
ficld statistics. While one might hope that the evolution
of ihe Targest eddies would be well represented in an LES,
it is anevitable that their evolution will evenwally diverge
from that of the DNS duc to uncertaintics ne detals of the
unterobved small seales. The rate of this divergence has not
been quantified. Therefore, even when starting with iden-
tical initia! conditions in the besl possible LES, an exact
mateh of the statisticat quantities is notexpected. Figure 1
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Figure I: Profiles of u? /AU? in self-similarly scaled coor-
dinates at five times during the self-similar period of Case
1 T = 105.2, -~~~ 7 = 1167, -+ 7 = 128.6,
—-—7 = 1.0, —-— 71 = 150.8).

gives an indication of the magnitude of the expected varia-
tion.

A turbulent time developing mixing layer is expected to
develop towards a self-similar evolution, and indeed two
of lhe fows included in case SHLOS have a self-similar
period. This similarity was used by Rogers & Moser [179]
to improve statistical sample by scaling statistical quan-
tities self-similarly and averaging in time. However, this
self-similar averaging poses a problem for LES compari-
son, since generafly the filter width in the LES would be
constant whie the similarity length scale (Jlayer thickness
say) is growing,

Another consequence of the time-developing nature of this
flow, is that the flow evolution is dependent on the details
of the initial conditions. There are three separate flows in-
cluded in SHLOS, which differ only in the details of the
initial conditions, and as discussed i [ 179}, the evolution
of these flows is quite different. By using the same ini-
tial conditions in an LES. one can compare to the DNS,
and be assured that the cases being simulated are the same,
50 this dependence on initial conditions need not result in
increased uncertainty in the comparison, However, when
selecting Nows for LES tests, it is desirable to use those
that are realistic and that evolve like the physical flows of
interest. It is difficult to construct appropriate initial con-
ditions for this purpose since it is generally not possible
to charagterize the initial and inlet condirions of u physical
flow (experiment or practical device) with sufficient detail.

The “imulations in SHLLOS were begun with initial con-
ditions designed 1o model a mixing layer forming from a
splitier plate with turbulent boundary layers. To this end.
turbulent fluctuations were taken from a direct numerical
stmulation of a boundarv layer [198] and used ax initial
conditions. In addition, the cffect of the splitter plate up
as a site of receptivity 1o {two-dimensional) acoustic dis
wrbances was modelled by adding some extra disturbance
energy 1o the two-dimensional modes (see the data sheet).
The turbulence 1o the intial conditions s thus reahistic, but
the model of the sphtter plate tip receptivity may not be,
Despite this, we sce (ligure 2) that the wirbulence statis-
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Figure 3: One-dimensional energy (u,u, ) density spec-
truin at the mixing layer centreline of Case 1 (7 = 170.5).
versus by, ——-— versus Ky,

tics of two of the flows (Case 1 and Cuse 2) agree quite
well with the experimental measurements of Bell & Mchia
{18] in amixing layer evolving from turbulent splitter plaie
boundary layers. In case 3, the transverse velocity vari-
ance is much larger than in these experiments, but there is
considerable variation among experiments regarding this
statistic,  Further, the growth rates (—-'l; o o 0.014,
0.014 and 0.017 for cases 1 through 3 rcspéclivnly) are in
the range of experimentally observed growth rates for this
flow (0.014 10 0.022, [ 179, 49])

Once the mixing layers have become {ully developed. two
of the flows (cases 1 and 2) do not exhibit convincing ev-
idence of the large scale spanwise rollers comrmonly ob-
served in turbulent mixing layers, while case 3 does. THur-
thermore, the character of the scalar mixing in cases |
and 2 is different from that commonly observed in ex-
periments. In particular, the probability deunsity functions
(PDIs) of the sealar Huctuations are *marching’ in cases
1 and 2, while they are *non-marching’ in case 3 and vir-
tually all experiments in which it has been measured (see
{152, 102]). This difference in scatar mixing is thought to
be related to the lack of rollers i cases | and 2 (see [179)
Thus, with regard to the qualitative issues of structure and
scalar mixing, it appears that case 3 is most representative
of experiments, while for the statistics, cases | and 2 ap-
pear st representative. In all cases, it appears that the
flows are sufficiently realistic 1o use as test cases for LES.

The numerical simulations of the flows in SHI 05 were
performed using the highly accurate numerical method of
Spalart, Moser & Rogers [200), The icsolution was varied
in time to maintain accuracy, and speetra and various ot.er
diagnostics were monitored to ensure the resolution was
adequate. For example, streamwise and spanwise specira
from case | are shown in figure 3. Thus, the uncertam-
nes in the data for SHLOS are dominated by the statistical
sample issues discussed above, with no significatd uncer-
tainties introduced by numerical errors.

6.2.4 Turbulence Mixing

Lastly, a special incompressible case is addiessed. It is
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Figure 2: Comparison of the time-averaged (in sealed coordinates) simulation resulis for the components of the Reynolds
Case 3 simulations with the experimental data (symbaols) of
Bell & Mchta (1990) at three downstream locations (wary = 108 Tem, o ) = 12K e 8y — 1R denn).

stress tensor for the - —=—— Case |, ===« Case 2, and -

shearless turbulence mixing. This case is of particular in-
terest, since the key paind is the mixing process between
two different turbulent Hows (turbadence levels, seales).
Only a few experimental studies have been devoled 1o such
flows [ 146, 76]. The more detailed study used for the test
case SHL 10w the turbulence mixing (217, 218]. Duc toa
special grid arrangement, two streits with the stame mean
velocity but with different turbuten characleristios merge
Henee, the process of turbulence mxing s addressed - Very
detailed wrbulent measnrements (3 velocity components)
are avatlable for three downstream locavons: high ordes
moments, spectra, Reynolds stress budgets.

6.2.5 Supersonic Plane Mixing Layers

For sapersonic flows, the present dita-base concentraies
on three experiments which are comparahle in thew physi-
cal dimensions. Thus, the wall proximity and aspect ratios
arc cquivalent. These flow characteristios are Lometimes
cvoked in order to explain discrepancies between exper-
iments, but these arguments ernnot be invoked here. It
should be noticed that, withm the experimental uncertan
ties, the normalized spreading rates of the thiee test cases
agrees with the function @A) reported in [19S]. No di-
reel evidence of two-dimensionaliy is given, and the as
pect ratio of the mixing layers s small, typically between
4 and 10, depending on the delinition of the thicknesses
Reynolds number effects can be considered. since SHL20
has o Reynolds number that 1s less than that of the other
two test cases In all cases, the boundary fayers at the trad-
ing cdge are fully wrbulent on the supersonic side. The
boundary Liyers on the subsonic side we not well quali-

ficd. atthouph they are of very small thickness, In SHL20.
the intluence of the subsonie houndary layer has been n-
vesiigated and no important effect was observed. providing
its thickness s small compared with the supersome one. A
convective Mach number of 0.6 is available in cach ol the
three eases, Tor that vadue of A redundant data are avail-
able for the evolution of basic statistical quanuties (mean
and velocity Huctuation<d and. i bphvof the difficulues in-
herent i the measurements, this redundancy can be uselul.

In addiven, these three experiments are complementary,
wilh segard o data for velocity and temperature Nuctua

tons  Data sets SHE20 [T wie obtained with hot-wire
ancmometry (constant canrent)s they thus provide one conr-
ponent of velocity and temperatuee fluctuations They pro-
vide a test of the relationship between temperature and
veloety fluctuations. the se-called Stong Reynolds Anal-
oy [180, 65]. Special care was taken calibrating for the
transonic repime The frequeney ranpe of the hot wire
ancmometer seems adequate. The velocity results presenied
in SHL21 {58, 185) and SHL22 (45, 12] are obtained by
means ol Laser Doppler Velocaimenuy., using two difterent
systems. Dual seedimg in both sides 15 used without pre

vise analysic of seedimg bias, although same comparisons
between different seedinps e provided i SHE22. The el
feets of partele Tag bas been addressed in SHE2E. SHEL2I
also has some pressae tansducer measurements, while
SHE22 includes some constant-temperature ancmomelry
results, This vanety of experimental methods provide com-
plementary resulis Data sets SHE20 and SHL22 provide
charactenization of the boundary Tayers on the supersonic
side ormedinehy after the trahing edpe. For cases SHIL2
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and SHL22, several values of Af, are available, ranging
from 0.6 10 1, Le. from the medium to highly compress-
ible. In both cases. the flow developments are provided
from the trailing edge up (o the beginning (SHL20Y or es-
tablished similarity region (SHL21 and SHL22).

6.3 Jets

Free jets are an important subcelass of tree-shea - layers that
are of great practical significance. Jets into stagnant sur-
roundings are particularly suited for basic studies hecause
of the self-preserving nature of the far-field, in which the
spreading rate, the velocity-decay constant and similarity
profiles define entirely the statistical flow quantities. These
jets arc important test cases for simulation procedures for
wrbulent flows, whether turbulence models or large-eddy
simulations and, in spite of their geometrically simple con-
liguration, they pose a ditlicult task as most widely used
turbulence madels like the & —-¢ model or the basic Reynolds-
stress-cquation models cannot predict the plane and the
round jet with the same set of empirical constants. These
two cases were therefore chosen, and the data provided
are for the self-preserving downstream regions of the plane
two-dimensional and the axisymmetric jetissuing into nom-
inally infinite stagnant surroundings.

Rodi [175] reviewed the measurements carried out in these
flows up to 1971 - some of these measurements were pub-
lished later. For the round jet, the only data sets including
turbulence measurements in the sell-similar repion were
those of Wygnanski and Fiedler [225] and of Rodi [175).
In both cases the measurements have been obrained with
statiopary hot-wires,  Both obtained u spreading rate of
the jet hall-width dy, o /de == 0.086 which is in agree-
ment with earlicr measurements of the mean flow, The
measurements of Wygnanski and Fiedles were much more
extensive und have been the standard round-jet data for a
long time, Less ideal features are that the centre-line ve-
locity decay rate changes at a/D =~ 50 and that in the
downstream self-preserving region only 05% of the ini-
tal jet momentum is left according to the velocity mea-
surenients. Nearly two decades later, almost concurrent
detailed measurements with more suitable measurement
techniques were carried out by Hussein, Capp and George
{90] - called HCG - and by Panchapakesan and Lumley
[162] - called PL. HCG used ying hot-wires and a burst-
made LDA technique and, [or comparison also the station-
ary hot-wire technique. Pl also measured with a lying
hot-wire which moved on a shuttie. The ilying hot-wire
and LDA technigues are conceptually superior for flows
with high turbulence intensity and indeed HCG found sig-
nificant differences between their measurements obtained
with the stationary and the flying hot-wire. On the othier
hand, the latter resubts agreed well with the LDA micasure-
ments. PL measured at f¢, = 1.1 x 107 while the HCG
jet had a Reynolds number of B, = 9.5 x 10", Both
sets ol measurements yiclded similar spreading rates of
dipy o /dar = 0.094 10 0.096. which are gher than those
from the older measurements. The difference stems most
likely from the use of larger enclosures into which the jets
discharged and the fact that entrainment was allowed from
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upstream, i.c. the jet did not emerge from a solid wali. This
yiclded better momentum conservation. HCG report that
in the self-preserving region the momentum fux is 85% of
the initial flux and PL report an even higher value of 959
Finally the HCG data were chosen as case SHIL30 because
of the higher Reynolds number and also because two dif-
ferent advanced measurement techniques gave virtually the
same results. HCG report the balances of wrbulent Kinetic
energy and of the individual stresses for which the dissipa-
tion rale was determined with the assumption of locally ax-
isymmetric turbulence; also in the dittfusion term the triple
correlation vw? was not measured but assumed to be cqual
to 17, These assumptions introduce considerable uncer-
tainties, leading to u fairly high pressure-diffusion tern
near the axis; also, the diffusion does not seem to integrate
to zero. Here perhaps the PL results for the kinetic energy
balance are more reliables they determined the dissipation
rate from the balance, neglecting the pressure diffusion.

For the plane jet. detailed results newer thaii inose reviewed
aleeady in [175] (but some published later) could not be
found. As all the older measurements have been obtained
with stationary hot-wires, the reliability of at least the higher
moment-measurements must be cast in doubt, in view of
the findings of HCG and PL for the axisymmetric jet. The
measurements reviewed by Rodi all show good agreement
about the spreading vate (ddy, 72 /de = 0.1) and the velocity
decy. The most exiensive and complete set of measure-
ments is thal due to Gutmark and Wygnanski [72] which
was therefore chosen as case SHIL31. The measured shear
stress agrees fairly well with the distribution caleulated
from the mean velocity, and the normal stresses are in rea-
sonable agreement with the measurements of Heskestad
[78]: for the v and w' componenis this is true also for the
other measurements, but the latter are up to 20% smaller
for the longitudinal fluctuations o', There is hence some
uncertainty about this quantity. ‘There are even greater un-
certaintics aboul the measurements of wiple correlations
and the terms in the kinetic energy balance. The pressure
diftusion was determined as the out-of-balance term and
reaches unusually high values. Probably more reliable is
the energy balianee obtained by Bradbury {22]. but his jet
had a co-owing stream at (.16 of the jet exit velocity and
was hence not exactly self-preserving.
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6.4 SUMMARY OF SHEAR LAYERS AND JETS

INCOMPRESSIBLE PLANE MIXING LAYERS

SHLOO Single stream incomp. M. L. E Wygnanski & Fiedler {226]
SHLO! Incompressible M. L., r=0.6 " Bell & Mctha (18]

SHL02 Incomp. M. L., 0.5<r <09 ; Mectha [144]

SHLO3 Forced incompressible M. 1. : Oster & Wygnanski [161]
SHLO4 Incomp. M. L..r=0.54 " Delville & Bonnet [47)
SHLOS Temporal incomp. M. L. Rogers & Moser [179)
SHLOG Two turb. free streams, v =2 0.47 : Tavoularis & Corrsin {209]

TURBULENCE MIXING
SHL.10 No-shear turbulence mixing Veeravalli & Warhaft [217)

COMPRESSIBLE MIXING LAYERS

SHL20 Supersonic M. L., A, = 0.6f; E Barre. Menaa, Quine & Dussauge (1]
Reo = 1.6 x 10

SHL.2I Supersonic M. L., M. = 0.52; E Elliott & Samimy 58]
0.69; 0.87; Reg ~ 4. x 107

SHL22 Supersonic M. L., A, = 0.52. E Debisschop, Barre & Bonnet [45)
0.535. 0.58: 0.64: 1.04; Reo =
8 x 101

JETS I
SHL30 Round jet : Hussein et al |90]
SHL3I Plane jet : Gutimark & Wygnanski (72]

E: experimental cases. N: numerical ones. Consult individual data sheets for more details
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Summary

LV

The chapter staris with the simplest boundary layer flow:
incompressible, two dimensional flow over a smooth flat
surface with no imposed pressure gradient. Then the ef-
fects of adverse pressure gradients are introduced followed
by separation from a smooth surface. The complicating ef-
iects of surface curvature are then discussed. The chapter
ends with the case of a boundary layer which has expe-
rienced both pressure gradients and surfuce curvature and
then relaxes back to an undisturbed state.

7.1 Introduction

Turbulent boundary layers have been investigated experi-
mentally for at least the past 75 years. As a result o vast
bady of data exists. For the first half of this period mea-
surciments were. in the main, confined to the mean flow by
the lack of suitable instrumentation and are therefore inad-
cquate for LES validation.

Data measured prior to 1980 was extensively evaluated
and documented for the Stanford conference which had
the aim of detailing experimental data which could be used
in Reynolds averaged turbulence model development. The
Stanford database is available on the worldwide web at
httip://www-safml.stanford. edu/éantwell/.

The Stanford conference was followed a decade later by
the Collaborative Testing of Turbulence Models (CTTM)
project organised by Bradshaw et al. The database used in
the CTTM project is available from the Journal of Fluids
Engineering databank as item DB96-243 ai
http://scholar.lib.vt.edu/s.

More recently a database of experimental and DNS results
has been set up by the ERCOFTAC collaborative venture
and is available at
http://7fluindigo.mech.surrey.ac.uk/ .

Wherever possible the data deseribed below is in additon
to that contained 1n the above databases and has been se-
lected with the particular requirements of LES validation
in mind. Lack of space together with the current staie of
development of LES have restricted the choice of data to
two-dimensional, incompressible flows which nevertheless
contain a wide range of wrbulence behaviours which must
be correctly simulated.

7.2  Zero pressure gradient

Ay the simplest form of boundary layer, the flow with zero
pressure gradient over a smooth flat surface has been exten-
sively studied experimentally. As noted above much of the
carly data is confined to measurements of only the mean
flow quantitics.  The first major review of the data was
undertaken by Coles [38] in 1962, Since then of course
the volume of data has increased enornmously and its range
now covers 0.5 < Rp x 104 < 220, where Ry is the
Reynolds number based upon momentum thickness, In the
above range the low values are achicvable by Direct Nu-
merical Simulation whilst the highest values are achieved
by making mcasurements on the walls of large industrial
wind tunnels.

For the present purpose of recommending datasets which
can be used for LES validation, this huge volume of data
presents problems, since as explained below it is necessary
to cover the Reynolds number range and no experiment
or set of cxperiments has cmerged as ‘best buy'. Fortu-
nately Coles’ pioneering work has been carried forward in
two very recent publications, a major review by Fernholz
& Finley [60] and an AGARDOGRAPH edited by Saric
[186]. What follows is an attempt to préeis this work. This
précis should be used merely as an introduction and any-
one atlempting to simulate zero pressure gradient flow is
strongly advised to refer directly to the oupinal reviews.

7.2.1 Mcan flow behaviour

The turbulent boundary layer equations differ from the lam-
inar ones only in the additional turbulent shear stress term
—pu't’, An immediaie result is that a wrbulent bound-
ary layer has mo characteristic fengzth scales, rather than
one. A measure of the boundary thickness, such as 8, is
the appropriate length scale in the outer part of the layer,
away from the wall, and is thus termed the outer length
scale. The viscous length, vfu,, where u, is the friction
velocity. is the appropriate fength scale near the wall, and is
teried the inner lengih scale, In contrast the laminar 2zro
pressure gradient boundary layer has a single length scale,
\/JIJJ/TX.. so that ity possible o obtain a full similar-
ity solution fur laminar boundary layers but not {or turbu-
lemt boundary layers. For wrbulent boundary laycers, sep-
arate stntilarity laws for the inner and outer flows must he
sought. The ratio of the outer and mner length scales 8! (=
duy [0, mereases with inereasing Keynolds number and
therefore the shape of the mean velocity profile must also
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be Reynolds number dependent.
The viscous sublaver

In zero pressure gradient, very near the wall the x momen-
tum equation has the solution.

U Yy,

i, v

That is, very close to the wail, the velocity varies lincarly
with distance fram the wall.

The law of the wall and the defeet low

For the near wall flow Prandtl argued that the viscosity,
wall shear stress and distance from the walt are the impor-
tant parameters. Dimensional analysis then gives

Uy,

o =1(5)
which is known as the law of the wall. Similarly, well
away from the wall, von Kirmdn sugpested that viscosity
would be less important and the boundary layer thickness,
&, would enter as the length scale. Dimensional analysis

then gives
e -U (.v)
— =l
Uy 1]

which is known as the defeet Jaw, Matching the veloc-
ity and velocity gradients of these two laws in the region
where they overlap yiclds

]
Yoh, (i”-) e
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for the law of the wall, where s =2 040 and (= 510, and
U, - U 1
SO ('—’) +C
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for the defect law, where in both cases the constants are

possibly Reynolds number dependent. The appearanee of

4 in the defect law is unfortunate as it is difficult to ob-

tain accurately from experiments. Itis preferable to follow

Rolta and use a weighted integral thickiess A, wheie
A= 6‘,("_

Ur
where 67 is the displacement thickness, so that the deféct

law becomes ,
S J(})
U, T AA

Fernhols & Finley have shown that i this is expressed as

g'___(_]_ = —Alln (IKI) - N

i,

where M — 4.70and N = 6.7-1 then in combination with
the law of the wall we have an effective universal mcan
veloeity profile, in the overlap region, over the complete
Reynolds number range of 0.5 < Jtp x 1077 - 220, Now,

of course. the Reynolds number dependence is implicil in
Aand u,.

So finally we have the very useful result that to be consis-
tent with the experimental data any LES must praduce this
mean flow profile.

Although the defect law given above has been generally
accepted by most researchers Barenblatt [9] and George
et al [69] have argued that u . is not the correet velocity
scale for the outer flow. Instead they use I/, As a result
both the law of the wall and the defect Jaw assume power
taw rather than logarithmic forms. Fortunately in practice
the two forims are not very different except at very high
Reynolds numbers.

7.2.2 Turbulerce Data

The success of the inner and outer sealings for the mean
velocty naturally encourages the search for similar scal-
ings for the turbulence guantities,  That is close o the
wall, when suitably normalised by u,, do quantities be-
come unigue functions of gyt = (4712)7 Whilst away lrom
the wall arc they functions of y/A?

The following sections give Fenholz & Finley's conclu-
sions 1o these questions for tirbulence profiles in the range
2.5 < Ry x 10°* < G0,

Reynolds Stresses

Deading first with the Revnolds normatl stress (pu"y this is
observed o exhibit similarity when plotied against y* in
the viscous sub-tayer and the bufler fayer (y* <= 30). In
outer variables the data collapse well Tor y/A > 0.04(y /8 >
0.1) for Re > 5000 thatis in the logarithmie layer and the
ouler region.

The normal stress (pr®) which is associated with fluctua-
tions normal to the wall shows no evidence of similarity in
inner variables. In outer variables similarity is once more
evident. The 3 location of the peak value of (v u?)
moves away from the wall with increasing Itp. This trend
can be approximated by
+ - o

"I(TH)...,., = 0.071 1.
The resulis for the third normal stess. (pr®) are similar
in that no simitarity is found in the inner vasiables butsiin-
ilarity is present in outer variables. The Tocation of the
masimum value also appears 1o move away from the wall
with increasing Fg but cannot be determined with suffi-
cient aceuracy o deternmne a trend line

The Reynolds shear stress (= pule') is more difficult w
nicasure accurately very close to the wall as an X prohe
must be used. Nevertheless there is evidence of possible in
ner region similarity for !, = 1500 Similarity in the outer
Javer, g/ > 0.0, 0s observed for all the Reynolds num-
ber range. The location of the peak shear stress is again a
function of Hp with a uend deseribed by

y-f . 1{((‘) fi] .

(0 Yo s




Skewness und Flatness Distributions

The scaled third moment of a quantity, such as [ (u/?)3/2,
describes the skewness Sy or asymmetry of the probabil-
ity distribution of «'. The function is symmetric about the
origin, Sy = 0. if u”® = 0. A positive valie of Sy implics
that large positive values of u’ are mare trequent than large
negative values, For a Gaussian distrivution, Sy = 0.The
fourth moment or flatness, F, of the o' disuibution is
given by W scaled by (\/ﬁ’_'-')", and is a measure of the
frequency of veeurrence of events fur from the axis. 1f
these are relatively frequeny, Fye will take values greater
than the Gaussian value of 3.

Fernhnlz & Finley found that in inner variables indepen-
dence of Reynolds tumber is apparent for Sy in the vis-
cous sub layer and for both Sy and Fy in the log law
region with Sy = U and Iy ~ 2.80. Both Sy and Iy,
exhibit shinilarity when plotied apainst y/A.

The skewness Sy of the spanwise component w' is wero
for a two dimensional layer. The flatness I, exhibits sini-
ilarity in both inner and outer scalings.

Tor the wall normal component, v/, the flatness factor Fiu
is approximately constant (= 3.4) over the log law region
and so independent of 11, Once again both skewness and
flatness exhibit similurity in outer sealing.

Although not as satislying as the complete similarity pro-
duced for the mean flow, the range of similarities detected
for the wrbulence quantities still provide important valida-
tion criteria for the results of any Large Lddy Simulations.

7.2.3  Experimental Data

Rather than attempt to seek agreement with any particular
experiment it is recommended that simulalions should be
checked against the similarity laws outlined above, A sel
of data at an Rp of 1438 is incidentally available at the fivst
measuring station of TBL30, and collection of mean and
fluctuation profiles in the range Jtey x 10 % = 0 — 13 s
included as ‘TBLOO.

7.2.4 Numerical Daia

The numerical requirements for the simulation of turbulent
boundary layers are more strict than those for fice shear
flows or for wall-bounded parallel flows, such as pipes or
channels, A tue simulation of a turbulent boundary layer
would include its development from some lorward stagna-
ton point, its transition region, c¢ither natural or tripped,
and its spatial growth to a reasonably high Reynolds num-
ber, Such a diveet numertcal simulation does not exist
at present, ‘The closest equivalent is Spalart’s simulation
in [198] in which the boundary layer is simulated in a
streamwise periodic box, but where the ¢lfcct of stream-
wise growth is simulated by including extia tetins derived
from a multiple-scale analysis, The resuliing equations are
accurate to O(ey), Four Reynolds numbers were originally
campuled for this low, of which the two intermediate ones.
al fleg = 300 and 670, arc included in the data base as
TBLOL The two extreme ones, although needed to esti-
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mate the slow growth terms used in the simulation, are now
believed to suffer from slight numerical inaccuracics. The
two included data sets are now considered standard results
for low to maderate Reynolds numbers. Another simula-
tion of a pressure driven boundary layer using a similar
numerical method is [197).

The lowest of the two Reynolds numbers is actually he-
low the threshold for which self-sustained turbulence has
waditionally been assumed to exist [171}], and should prob-
ably not be uscd as a reference sct by itself. It has, for
cxample, only a marginally developed logarithmic law, It
should however be useful as inlet condition for simulations
of developing boundary layers, in which an initially low
Reynolds number may not be too mportant. A method for
doing so is described in [155]. where it was used to sim-
ulate the separation bubble in TBL21. Full flow ficlds {or
the two Reg are included for this purpose.

7.3  Adverse pressure gradients

7.3.1 Lixperimental Data Sets

Once again & very large volume of data exists, wuch of
which is documented in the Stanford and ERCOIFTAC data
bases, Here we concentrate on more recent data which ei-
ther includes spectra, as in the case of the Marusic & Penty
experiment, {142], TBL10, or naturally merits inclusion as
it was specifically designed to complement DNS data, as in
the case of the Spalart & Watmuif experiment, (201, 220}
TBL12.

7.3.2 Numecrical Data Sets

One numerical data set included in this section, TBLIJ,
which was originally designed as a reference case for RANS,
deseribes an attached turbulent boundary layer subject 1o
an adverse pressure gradient. It containg both the numeri-
cal simufation [201] and experimental data especially com-
piled for the oceasion [220]. Both experiment and simula-
tion agree closely, but the experimental data extend over a
longer distance than the simulation, and both are included.
The numerical simulaton uses a “fringe’ inethod in which
extra terms similar to those used in TBLOI to model the
sirecamwise growth have been confined o narrow bands
near the ends of the computational duomain, making the
overall flow spatally periodic even il the boundary layer
is left to thicken naturally over most of the computational
box. In this sense it is a more “natural” flow than TBLOI,
but still has an artificial recycling of the inlet flow that
mukes it roughly equivalent to o tripped layer. A ini-
tia) region of favourable pressure gradient was included
both in the experiment and in the computation W minimise
memory elfects from the trip. The inlet Reynolds number
and numerical resolulion are camparable fo those in the
higher Reynolds number case of TBLOL, and were thor-
oughly checked in the original papers [ 198, 201].

7.4 Separation

7.4.1 Experimental Data Nets
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The measuremeni of flows involving separation from a smooth  refinemen: studies n [198], in which resolution was pur-

surface presents extreme difficullies for the experimenter.
Non-intrusive instrumentation is essential so that reliable
data sets had 10 await the development of the Laser Doppler
Ancmometer. Maintaining two dimensional or axisymmelt-
ric flow is also particularly difficult and usuatly involves
much ‘cut and try’ development. The experiment by Simp-
son et al, 1192, 193, 190] for which the majority of the
data (with the exception of the transverse velocily mea-
surements) is available from the Stanford database, 1s a
possible testcase but is an open separation and would re-
quire inflow boundary conditinns downstream. Fortunately
the data of Alving & Fernhalz, [3]1,TBL20, has recently
become available. Here o turbulent boundary layer on a
smooth, axisymnetric body is exposed to an adverse pres-
sure gradient of sufficient strength to cause a short region
of mean reverse flow (‘separation’). The pressure distribu
tion is tailored such that the boundary layer reattaches and
then develops in a nominally zero pressure gradient.

7.4.2 Numerical Data Sets

The (wo data sets | 135, 1997 represent roughly the same
flow, an initially turbulent boundary layer subject o an ad-
verse pressure gradient strong enough o induce separaiion,
and immediately folloveed by a favourable gradient that
closes the separation bubble, Beyond that they arc quite
different numerically and aerodynaiically. "The numeri-
cal scheme in TBL22 [199] is the fringe mcthod used
TBLI1I, while TBL21 [155] uses actua! inflow and outdlow
conditions in which the inflow is provided by a slightly ma-
nipulaied version of the Rep = 300 zero-pressure-gradient
boundary layer in TBLOL. The inlet Reynolds number in
TB1.22 is lower, Reg & 230, and the settling Jength al-
lowed to the layer before the adverse pressure gradient is
applied is also shorter than in the other case. As a conse-
quence the incoming boundary layer never becomes fully
wrbulent before separating and, in particular, never devel-
ops a Jogarithmic region. The separation bubble in TBL22
is smaller than in TBL21, and the region beyond reattach-
menl is not Jong enongh w allow for significant recovery
of the turbalent profiles. TBL21 was designed for aero-
acoustics studies, and it was run for an exceptionally long
time to compile spatio-temporal pressure information. A
side effect is that the averaging time for the statistics is
also exceptionally long, which is an important considera-
tion given the long characteristics times inherent 1o recir-
culation regions. In all these respects TBL21 should be
used as a test case in preference to TBL22. The later is
however interesting in that it is one of the few simulations
of separated flows which include a heated wall. showing
highly counter-intuitive heat transfer effects in the separa-
tion bubble.

The numerical resolution in hoth cases is nominally simi-
lar, and of the sme arder as in the two other simulations
mentioned above. However, while TB1.22 uses the same
spectral miethod as in the previous cases (200). TBL21
uses a second-order-uccurate finite difference scheme. fin
which the resolution requirements should be about 5007
larger than for spectral methods before dealiasing. Grid

posely degraded by a factor of two, showed significant cf-
fects on the skin friction, and the possibility that there may
be marginal resolution problems in TBL21 should be ket
in mind. The numerical resoluton in both cases is how-
ever measured in wall units based on the point of highest
skin friction in the domain, which is near the inlet. Ax
the houndary layer thickens downsircam the skin friction
decreases and the effective resolution improves. Near the
scparation vegion it appears likely that the resolution of
both simulations is more than adequale.

7.5 Surface curvature

Streamwise surface curvature produces significant changes
in the wrbulenee structure within the boundary layer. Con-
cave curvature is destabilizing (i.e. turbulent mixing is en

hanced) whilst convex curvature is stabilising, These ef-
fects become significant when the ratio of boundary layer
thickness to surface radius of curvature is of order 0,01, an
order of magnitude carlier than curvature effects are sig-
mificant in laminar ows.

The experiment by Johnson & Johaston, [981 TBL30, cho-
sen here is an extension of another experiment using the
same apparatus by Barlow & Johnston [10].

7.6 Relaxing flow

The difticulty of predicting turbulence relaxation from a
major perturbation is often noted. The rate of relaxation
varies with eddy size which requires skilful modeling of
the turbulence. Since the suceess of large-wddy simula-
tion depends on the proper representation of the interaction
between the subgrid seales and the farger seales, refaxing
flows can be a significant test of the ealeulations

Thwe numerous investigations of perturbed flows prior Lo
1985 were reviewed in Smits & Wood [196). Since then
other investipations have been conducted such as the Bas-
karan, Sinits & Joubert [14, 15] experiments on the flow
over a hill. The particutar needs of turbulence simulwors
have been recognized increasingly in recent years, partic-
ularly (he need for well-established boundary and initial
conditions and for flows which can be used o examine
the capabilities of simulations without so much complex-
ity that the detailed dynamics cannot be understaod. One
such experiment selected for this database, TBL3T, is that
of Webster, DeGraaft & Eaton {2211 which examined the
flow over a smoath bumj large enough to perturb the tur-
bulence, but just gentle enough o avoid flow separation.
The experiment was designed with LES in mind and coor-
dinated with one such effort. The flow is similar in some
ways to the flow over an airfoil but without the complica-
tions of lamina/turbulentiransition and stagnation points.




7.7 SUMMARY OF BOUNDARY LAYER FLOWS

ZERO PRESSURE GRADIENT.
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TBLOO Basic flat plate E Smith and Smits [194] pe. 161
TBLOI Pseudo-zero pressure gradient N Spalart & Cantwell | 198} pg. 163
ADVERSE PRESSURE GRADIENT.

TBI.10 APG E Marusic & Perry {142] pg. 165
TBL11 APG N Spalawrt & Watmulf [201]] pg. 167
TBL12 APG E Watinuff [220] pg. 169

_SEPAR ATION. L

TBL20 Closed separation bubble I Alving & Fernholz (3] pg. 171
TBI.21 Closed separation bubble N Na & Moin. [155] pg. 173
TBL22 Small heated separation bubble N Spalait & Coleman [ 199] pe. 177
NON-TRIVIAL GEOMETRIES,

TBL30 Curved plate B Johnson & Iohnston [10] pg. 179
TBL31 Mild bump E Wehster er al [221) pg. 181

E: experimental cases, N: numerical ones. Consult individual data sheets [or more details
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8.1 Introduction

As advances jn numerics and in computer power provide
faster and more accwate simulations, the flow configura-
tions selected for examination will tend toward the more

challenging geometries and conditions. Thus a group of

more complex Aows has been sclected for inclusion in this
databasc: Flow in a square duct; the wake of circusar and
square cyhnders; and the backward facing siep. Each has
its own patticular difficulties, such as sccondary lows, thin
shear layers, and vortex formation.

Complexity in wrbulent flow has been the subject of in-
quiry for several decades. The categorization of flows, par-
teularly for modelling purposes, based on rational notions
ol flow propertics was addressed by Bradshaw [24]. He
dsstinguished among complex flows by the type of shear
Nows, their interactions, and the magnitude of a perturha-
ton, such as a backstep. More recent reviews include {190}
and {172}, Many, if not most, of the complex flows de-
seribed i the reviews are heyond the capabilitics of present
large-eddy simulations, though advances continue o ex-
pand thetr number. The flow configurations discussed in
this chapter (summarized in Table 1.) were selected w0 be
addressable at present o in the very near future at Jower
Reynolds numbers, but at higher Reynolds number they
should remaim challenging for some time to come.

8.2 [Flow in a square duct

Fully developed turbulent flow in non-civeular ducts has
long been an intrigning flow configuration because ol its
transverse (secondary) mean motion. At first glance, there
1 e apparent reason why the transverse motion should
occur, and indeed 1 fully developed laminar flow it is not
generated: its source is the turbulence alone. This flow
is thus of particular interest (o those pursuing wrbulence
modelling or simulation, because if the wrbulence is not
represented properly in their caleulations, the errors will
he veadily apparentin both the turbulence guantities and in
the mean secondary flow,

The investigation of corner flow, with its obvious epplica-

bility to practical configurations, has a long history. This
record prior 1o 1984 has been 1eviewed thoroughly by De-
muren and Rodi {48], denoted herein as D&R, which will
thus be merely summarized, Prandtl developed a classifi-
cation of secondary flows including those of the "second
kind™ gencrated by turbulence alone, but it was not until
1960 that the first actual measurements of the secondary
motion were reported. As with all duct and pipe experi-
meats, an important question is whether full development
ol the flow has been achieved. D&R notes thai this “cannot
be answered with certainty in most cases.” This difficulty
with inflow conditions is one reason why direct numerical
simulations are so attractive to modeliers, cven consider-
ing their other limitations such as lew Reynolds numbers.
The data of Gessner and Emery [70] is considered by D&R
and Huser and Biringen [806] to be adequately developed.
That data was at very high Reynolds number. however, and
must be scaled with the local friction velocity for compari-
son with other data and calculations. Recently experiments
by Hirow's group, Nagoya University, at iower Reynolds
numbers have been reported and are the data included here.,

8.2.1 Experiments

Improvements in the quality o7 data wicasured in this diffi-
cult fow have followed the development of enhanced miea-
surement techniques. Rotation of single element hot-wircs
was replaced by use of mulii-wire probes together with ad-
vanced data acquisition and processing techniques 1o re-
duce measurement error, particularly in the turbulence quan-
titics. Thus the data ol Hirota's group {227] [64], which
reflects these improvements, has been sclected for this data
base (data set CMP00). The measurements were conducted
at 90 hydraulic diameters from the entrance and thus do not
suffer from incomplete development. This is confirmed by
global gquantities such as mean resistance which agree with
established values, Furthermore, remarkably good sym-
mctry is noted in both the contours of mean velocity and.
more importantly, in the turbulence quantitics including
the difficult differences in the important cross-planar nor-
mal stresses.
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8.2.2 Simulations

The difficultics in measuring certain turbulenee quantitics,
snch as Wy and the fluctuating vorticity, and in establish-
ing fully developed conditions for this configuration make
direct numerical stmulation (DNS) of the turbulence attrac-
tive for addressing questions of physics and for develop-
ment of large-eddy simulation techniques. Such simula-
tions arc necessarily limited to low Reynolds numbers, but
within this constraint they can provide information on any
and all variables of interest. Advances in this field have
led te criteria for simulations of adequate resolution and
accuracy and have produced a wealth of information on a
varicty of flow configurations.

Thus the results of a DNS “numerical experiment® on the
flow in a square duct is included in this database. There are
two notable simulations of this configuration: Gavrilakis
(66} and Huser & Biringen [86], Huser eral [87] . The
simulation of [86] [87] was at twice the Reynolds number
of [66] and was thus sclected for this compilation (data set
CMPO1). Two calculations are described in the reference,
but only the higher resolution data are included here.

8.3 Flow around a circular cylinder

The flow around a circular cylinder is perhaps the paradigm
of complex flows, It is simple in geometry yet remark-
ably complex in flow features, including thin separating
shear layers and large scale unsteadiness in the vartex for-
mation and shedding. Both of these features are difficult
to caplure in large-eddy simulations so that this ilow re-
mains a challenge to all new computational formulatians.
There have been numerous esperimeits on eylinder flows
of many kinds including the simple infinite cylinder normal
to the flow, cylinders at angles, cylinders of short aspect
ratios, and tapered cylinders among others. Experimenis,
however, which recorded time-resolved data at Reynoids
numbers large cnough for a trbulent wake, are difficult
and rare. Thus only one datasct. CMP1), is included here.,
that of the experiments of Cantwell and Coles [31] which
addressed the fow around a long. constant-diameter cylin-
der normal o the flow.

8.3.1 Experiment

The vortex shedding from the circular cylinder presents
difficulties for measuring the miean stidistics of the flow
and turbulence. There is regularity in the shedding, but
there is also a level ol irregularity which must be addressed.
Today, global measwrement techniques, such as particle
image velocimetry, can capture a flow fiekd at an instant
to display the spatial variations in velocity. but temporal
statistics arc still a challenge in that many such images
must be recorded and analyzed. A point measurement tech-
nigue. in particular hot-wire ancmometry, is able to recard
time records, but cannot casily address spatial varsitions
sich as the vortex shedding without averaging out these
important stuctures  Also. hot-wire ancimometers cannot
normally be used in reversing Now. Innovative techniques
are required 1o capture such complex flows and record de-
tailed data on their structure and rbulence
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Figure 10 (a) Strouhal pumber and, (h) drag coeflicient
for the flow around a circnlar eylinder from [31], shown
as open stars, compared with data from other sources
(reprinted from [3 1) see their table 1 for sourees of lines).

The near wake of a circular eylinder at a Reynolds num-
ber (here 140,000 large enough to create a fully turbulent
wake but Taminar scparation (subcritical) generates turbu-
lent vartices in a neurly periodic fashion. If the evlinder is
smooth and long (compared 1o its dinmeten), if end-plates
are used, and iCitis placed norma to a steady Now of low
turbulence, then the repularity and two-dimensionatity of
the vortices will be maximized. There will still be vari-
ations 10 the phase of the shedding, but it will be smal
enough that it can be accomodated with appropriate mea-
surcment weehniques. A tlying hot wire” and a pressure

based sampling method were employed in this experiment
as deseribed below. Any point measurement of velocity
in this flow raises questions zbout distinguishing between
Jitter” and urbulence. but these are presumably of Jess im-
portance to the farpe-cddy simutations than to RANS pre-
dictions. However, the computation of statistical proper-
ties should use methods appropriate for the measurements
conducted in the datacet being used for evaluation.

Mucasurcments of the Strouhal number and drag coeflicient
against Revnalds number in the data included here from
Cantwell and Coles (31, set CMPIO] compare favourably
with other experiments (iee figures 1 and 23 There is a
somewhat surprising variation in the values reporied for
both quantitics.

8.4  Flow around a square cylinder

The flow around a square evlinder is an important case for
testing caleulation procedures for complex turbulent flaws
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Figure 2: Summary of Strouhal numbers and drag coeffi-
cients for circular cylinders from [31] compared to those
from [ 129].

because it has a simple geometry but involves complex
physical phenomena such as vortex shedding and also tran-
sition at higher Reynolds numbers. The important differ-
ence from the circular cylinder case is that the separation
pointis fixed at the front corner of the ¢ylinder.

Vortex shedding is found lor Reynolds numbers higher than
about 70 and remains laminar and approximately 2D up to
a Reynolds number of about 600 {52]. Athigher Reynolds
numbers the separated shear layers over the side walls of
the cylinder undergo transition, and this occurs closer to
the front corner as the Reynolds number increases. At the
rear corners quasi-periodic alternate vortex shedding oc-
curs which induces the separated shear layer along the side
walls to flap. The shed vorlices are convected dowisaeam
and they are eventually broken up and diffused by the tur-
hulent motion. The wake past the square cylinder is about
30% wider than that past the circular cylinder and the drag
coeflicient is higher by a factor of 1.7.

There me considerably fewer experimental studies on the
flow past a square cylinder than tor the flow past a cir-
cular one. Okajima {159] and Davis & Moore [42] have
measured the influence of the Reynolds number on the di-
mensionless shedding frequency (Strouhal numiber). In the
intermediate Re- 1ds number range, they are quite differ-
ent (see figure .o, Okajima carried out his measurcments
with various cylinders and in various fluids so that his re-
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sults appear to have a broader and more secure basis. Some
numerical studies (unsteady 2D calculations without tur-
bulence models) have been carried out at low Reynolds
numbers and show a fairly wide scatter, especially when
the Reynolds number is around 200 to 300. Lift and drag
coefficients and Strouhal numbers have been measured by
various experimenters in the Reynolds number range 2 x
107 —1.7 % 10%, They found litilc influence of the Reynolds
number on the Strouhal number (St about 0.13) and also
on the mean drag coefficient (Cp about 2.1). There ap-
pears to be no drag crisis as in the case of the circular
cylinder. The first inore detailed measurements providing
profiles of mean velocities and stresses duc to {luctuations
have been reported by Durao et al [S1] for a Reynolds num-
ber of 14000 (see Fig. 5). Both blockage (13%) and free-
stream turbulence level (6%) were quite high. Owing to
their measurement technique, Durao et al. did not ebtain
phase-resolved results but only mean averages.

"The only experiment with phase-resolved results is that due
to Lyn & Rodi [133]) and Lyn ct al. [134) who provided
detailed measureiments of the flow past a squarc cyiinder
al Re = 22,000 obtained with a laser doppler velocime-
ter. In the first paper, single-component measurcments are
provided for the shear layer and reverse-flow region on the
cylinder side wall, and in the second paper, two-component
measurements of velocities m the wake. These measure-
ments were chosen to be included in the data bese, CMP20,
The measurced relatively siow recovery of the cenure-line
velocity in the wake, see figure 4, was sometimes consid-
cred doubtful (and is difficult to simulate by calculation
methods), but it appears realistic because of the strong in-
dividual vortices that are sustaincd quite far downstream in
this casc. No DNS studies are known for this case,
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Figure 3; Strouhal number variation with Reynolds num-
ber for square cylinders: from data in [159) and [42), com-
pared witn { 134] and [51].

8.4.1 Experiment

As with the circular cylinder, experimeats which provide
details of the flow around a square cylinder are difficult.
and it was not until the development of instrumentation
which could handle the reversed low region that such data
became available. Even then the separations off the front
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carners complicate the measurements; the flying hot-wire,
used so suceessfully for the circular eylinder wake, cannot
be used easily in these locations. The laser velocimeter,
rigged for directional discrimination, is ideal for this type
of prablem, however, and has been applicd to the square
cylinder of Lyn & Rodi [133] and Lyn et al. [134] (data sct
CMP20).

Measurements of time-averaged quantitics compare favour-
ably with the (scarce) available data. See figure 4 for a
camparison of strcamwise variations of the streamwise com-
ponent of velocity, its nm.s. value, and the rm.s. value of
the wansverse velocity component. Note that some of the
data is for a circular cylinder for refercnce only.
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Figure 4:  Streamwise variation of time-averaged ()
streamwise velocity, (b)) nim.s, streamwise velocity, and
(¢) rines. transverse velocity in cylinder wakes, from data
ofi o, [134); 0, [S1]:+ . [31]), ando. [143] (reprinted from
[134))

8.5 Incompressible flow over a backward fac-
ing step

The flow over 2 backward facing step has become a canon-
ical flow for testing prediction codes. The simple geome-
try of the walls and the known separation point, together
with the challenges of the reversing vortical flow and reat-
tachment zone, provide well-defined conditions and ade-
quate flow complexitics to be both addressable and useful
to exparimentalists and computationahists. Thus there is
available high quality data from both experiments and di-
reet numerical simulations. The development of liser ve-
locimeler systems which can capture reversing ffow over a
wide dynamic range has permitied documenting the details
of the flow ficld beyond previous measurements of guanti
tics such as the reattachment point and the outer, unidiree-
tional flow. Likewise advances in DNS have made feasible
the simulation of flows beyond the simple channel, and the
vackward facing step was among the first of these.

It is often noted that this flow is sensitive to simall changes
in geometry, For this reason it is imperative that the bound-
ary geometry and the inflow and outflow conditions be du-
plicated carefully. Also, a common difficulty in the predic-
tion of this flow lies in the details of the recovery region,
and thosc should be a particular target of any large-cdcdy
simulation.

8.5.1 Simulations

The backward facing step was among the first geomelries
with strong changes in the strcamwise direction and fully
turbulent flow to be addressed by DNS. The work by Le
& Moin {1151 established the capability of DNS 10 han-
dle such flows accurately. Data from those simulations are
included in this database (data set CMP30) and match the
conditions from the experiments of Jovic & Driver [99]
[100]. A comparison of measured {99 and computed [ 115]
skin friction is shown in tigure 5. Details of the simulations
are included in the data set.
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Figure 5: Comparison between the wall friction in a
backwards-facing step, from: —, the simulations in
{115, CMP30] and. o, the experiment in [99] (reprinted
from {991).

8.5.2 Experiments

Because of the attractive characieristics of the backwiird
facing step for testing precdhetion methoade there have been
many experimental studies of i Advances in instrumenta-
tion have produced increasmgly useful results over a range
of Reynolds numbers, so two experiments are included in
this datahase.

The experiment of Jovie and Driver [99] [100] (aata set
CMP31) was specifically designed Tor comparison with a
DNS. A fow Reynolds number was thus selected to provide
data for direet comparisan to the simulations, but thys also
presents some difficulties for the expeimentalist so that
the data should be uiihized carcfutly. The low velocities
increase the uncertaintics in the ncasurements which are
thus extimated 1o be somewhat clevated. In additon, the
inflow boundary layer may still retain some history of the
tripping technigue  Thus addwonal care should be 1aken
in the selection of inflow and boundary conditions. The
work wis never pubtished exceptin a report and thus has
not been subjected 1o outside serutiny The DNS of Le and
NMoin [ 115] (discussed above) did not uncover problents
with the data, bowever, which inereases confidence thit the
flow can be used for evaluation of simualations in general.




The sccond experiment, that of Driver and Seegmiller {50]
(data set CMP32), was intended for evaluation of RANS
codes and is at a higher Reynolds nuimber. Redundant mea-
surements and careful analysis of the data yiclded a highly
regarded dataset which should prove useful for evaluation
of simulations, especially as they approach the more useful

(higher) Reynolds numbers.

8.6 SUMMARY OF COMPLEX FLOWS

SQUARE DUCT
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CMPOO UDJv= 6.5 x 10" E Yokosawa et al. |64] pe. 185
CMPO1 u,D/v =600 N Huser & Biringen [86] pg. 187
CIRCULAR CYLINDER
CMP10 Rep = 140,000 E Cantwell & Coles [31] pg. 189
SQUARE CYLINDER
CMP20 Rey = 22,000 E Lyn etal [134) pe. 191
BACKWARDS FACING STEP
CMP30 Rey, = 5,100 N Le & Moin [115) pg. 193
CMP31 Rey, = 5,000 2 Jovic & Driver [99, 100} pg. 195
CMP32 Rey = 37,500 E Driver & Scecgmiller [50] pe. 197
E: experimental cases. N: numerical ones, Consult individual data sheets for more details
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HOMO00: Decaying Grid Turbulence

Comte-Bellot & Corrsiu

. Description of the flow

Decaying. nearly isotropic, turbulent flow downstieam of a grid.

. Geometry

The grids were periodic arrays of square rods, in a biptanar arrangement, and had a square mesh with a solidity of
0.34. The grid was inserted across 4 rectangular (1.37 m x 1.03 m) section. followed by a 1.27:1 contraction (to
improve the isotropy of the wrbulence) and a rectangular (1.22 113 x 0.915 m) mcasarciment section.

. Original sketch
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. Flow characteristics

The mean speed across the wind tunnel was uniform. The trbulence was very nearly isotropic. with the ratio of
streamwise, uy'. and transverse, 1, ros. velocities in the range 097 10 0.98, The decay ol both mean square
components could be well deseribed by a power law,

. Flow parameters

Grid mesh size Al = 50.8 wm or 25.4 min. Mean speed U, = 10.0 m/s near the grid, increasing o 12,7 m/s alte
the contraction. Grid Reynolds number 125, = U, AT/ 12 = 34,000 or 17.060.
Inflow and outflow boundary and initial conditions

Free strcam wrbulence level (without the grid) was about 0.05%,
easurements

(a) Measurement procedures

All measurements weve made with hot-wires and analog instrumentation. A narrow-band lilter was used for
measuring spectra. An analog tape recorder was used for measuring anocorrelations.

(LY Mcasured quantities

Streamwise and transverse r.mus. velocities along the test section. Autocorrelation functions of the veloe-
ity; two-point transverse correletions; space-time correlations. Narrow-band autocorrelation functiens in a
convected frame. Spectrally local characteristic imes. Yrequency spectra, from which one-dimensional and
three-dimensionai (wave-number f enerpy spectra are estimated.
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(c) Mecasurcmnent errors
Spectral measurements were corrected for noise. Spectral uncertainty is difficult to estimate because of the
analog methods used. Estimated uncertainty is a faw percent at the lower and intermediate frequencies, in-
creasing at the highesi frequencies. The latter range should be treated with some caution, as it is known to lead
to unrealisacally Jarge velocity derivative skewness (GEORGE, W.K. 1992, Phys, Fluids A 4, 1492- 1509),

. Available variables

One-dimensional, wave-number speetra of strcamvise velocity tor the A7 = 50.8imm grid at three stations with
tU, /M = 42,98 and 171, Atthese lacations, Ry =71.6.65.3 and 60.7.

. Storage size required and present format of the data

One small file in ASCII format.

Contact person

Professor Genevieve Comte-Bellot

Centre Acoustique, Ecole Centrale de Lyon, B.P. 163, 69131 Ecully Cedex, France
tel: 3304 72186010

fax: 3304 72189143

e-mail: gech@miccallu.ce-lyon.fr

. Main references

COMTE-BELLOT, G. & CORRSIN, §. 1966 The use of a contraction to improve the isotropy of grid-generated
urbulence J. Fluid Mech, 25, 657-682.

CoMTE-BELLOT, G. & CORRSIN, §. 1971 Simple Gulerian time correlations of full and narrow-band velocity
signals in grid-generated isatropic turbulence, J. Fluid Mech. 48, 273-337.

0
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HOMO1: Decaying Grid Turbulence

Ferchichi & Tavoularis

1. Description of the flow
Decaying, nearly isotropic, turbulent flow downstream of a grid.
2. Geometry

The grid consisted of 11 horizontal and parallel cylindrical rods and had a solidity of 0.34. It was placed in a
rectangular (305 mm x 457 mm) test section, 1.52 m downstream of a 16:1 contraction.

3. Original sketch

grid
ax )
16:1 contraction h=0.305m | Ya1%
' M=25.4mm
1.52m Coox

4. Flow characteristics
‘The mean speed across the tunncl was uniform. The turbulence was nearly isotropic, with the ratio of the streamnwise,
u', and the transverse, v, nn.s. velocities about 95%. The decay of the turbulence intensity was described by a
power law with an exponent of -1.21.

5. Flow parameters
The grid mesh size was M=25.4 mm. The mean speed along the centreline was I = 10.5 m/s. The grid Reynolds
number was Rey = UM /v = 17335,

6. Inflow and outflow boundary and initial conditions

Turbulence intensity in the unobstructed flow was less than 0.05%.
7. Measurements

(1) Measurement procedure
Two sets of hot-wire neasurements were performed, the first with a cross-wire probe and the second with a
parallel wire probe, Spectra were measured with a single wire probe.

(b) Measured quantities
Probability density functions of strcamwise and (ransverse vetocity differences, Au(Ax), Av(Ar) and Au(Ay)
at a position with 2/Al = 47.2, where u' = 0.320m/s, L = 38mm, A = 4.imm, Rey = u'A/v = 84 and
7 = 0.23mm. Encrgy spectra of the streamwise velocity.
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(¢) Measurement errors Because of the large volume of data used. the uncertainty of the pdf would be very small,
al least for the inertial range data.

8. Available variables

Pdf of velocity differences at different probe spacings. Energy spectrum of the streamwise velocity.
9. Storage size and present format of data

Small files in ASCII formai.

10. Contact person

Professor Stavros Tavoularis

Department of Mechanical Engincering, University of Quawa
Otlawa, Ontario, Canada KIN 6NS§

tel/fax: (613) 562 5800 ¢xt. 6271

e-mail; tav@eng.uottawa.ca

11. Main reference

FERCHICHI, M. & TAVOULARIS, S. 1997 Unpublished measurements.
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HOMO02: Decaying Isotropic Turbulerce
Wray .
1. Description of the flow e
Simulation of incompressible decaying isotropic wurbulence. ’
2. Geometry _
Triply penodic mesh -"_'
3, Sketch
3
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4. Flow characteristics 'f
Time-decaying homogeneous analog of the grid-turbulence experiments of Comte-Bellot & Corrsin (1971). N
5. Flow parameters l'
58.32 < Rey < 104.5
6. Numerical methods and resolution: Numerical scheme as in (Rogallo, 1981). 512% collocation points. Largest
computational wavenumber, ko, = 241, =
7. Boundary and initial conditions

Periodic boundary conditions in al three spatial directions. 'The initial field has a spectrum peaked at & = G (where
the lowest mode is k& = 1), and random phases, at [tey = 952.

. Averaging procedures and resulting uncertainties

Statistics post-processed using the same specural basis functions used o advance the Navier-Stokes equations in
tine.

. Avuilable variables

Filtered velocity fiekl in physical space at Rey = 1015, derived from the full 512% field hy sharp tuncation in
E-space to 1289,

Time history of total energy, enstrophy. integral-scale. oo | velocity-derivative skewness.
3-d energy and transfer spectra and 1-d energy spectranat 20 times i the given Hey range.

Pdl of velocity differences at fley = 70.45.6G5.11,60.41




. Storage size required and present format of the data

25 Mbytes of IEEE binary, singlc precision floating point data for the restart file. A fow Khytes ASCI data for the
statistics.

. Contact person

Dr. AA. Wray
NASA Ames Research Centre, MofTett Field, Ca. 94035, USA.
E-mail: wray @nas.nasa.gov

. Main references

COMTE-BELLOT, G. & CORRSIN. §. 1971 Simple Eulerian time correlations of full and narrow-band velocity
signals in grid-generated isotropic turbulence. J. Fluid Mech. 48.273-337.

ROGALLO, R.S. 1981 Numerical experiments in homogencous turbulence. NASA Tech. Memo. 81315,
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HOMO3: Forced Isotropic Turbulence

Jiménez, Wray , Saffman & Rogallo

l 1. Description of the flow
! Dircct numerical simulations of forced isotropic wrbulence in a periodic cubic box.

2. Geometry

Triply periodic box.
3. Original sketch: Not applicable,
{ 4. Flow characteristics
E Forced at low wave-numbers & < 2.5, Fully resolved ko1 =~ 2.
! 5. Flow parameters

, Rex N Lo LJM LJy L/L__ t/T ~F;
| 37 64 18 23 27 109 542 049
; 62 128 22 42 65 080 93 050
‘ 95 256 20 63 120 072 82 052
142 384 24 95 222 073 59 052
168 512 24 112 286 069 51 052

/T is the total run time in eddy turnover units, 7 is the skewness coeflicient of the velocity derivatives, L is the
mtegral scale and L, = u™ /¢ is the eddy dissipation scale. The size of the computational box is 27,

6. Numerical methods and resolation

The numerical method is fully speetral, using primitive variables w, p, with dealiasing achieved by spherical wave-
space truncation and phase shifting (Rogallo 198 1), The resolution NV given in the table above reflects the nuntber of
real Fourier modes in each direction before dealiasing. The largest computational wavenumber is Kyiar = \/§N/3.
The time stepping is a second order Runge-Kutta for the nonlinear terms and an analytic integrating factor for the
viscous ones. The time step is automatically controlled to salisly the numerical stability condition. All fields are
forced to achicve a statistically steady state by introducing a negative viscosity coefficient for all the maodes with
wave numbers k = |[k| < 2.5. The Fourier expansion functions are exp(:Likjz,). kj =0, 1,.. ., K = N/2, so thal
the length of the box side is always 27, The magnitude of the negative viscosity is adjusted cvery few time steps so
as to keep constant e product Ry, where 7 is the Koltmogoroy scale, and the instantaneous energy dissipation rate,
€, is computed in terms of the energy spectrum.

7. Boundayy and initial conditions

Periadic boundary conditions in all three spatial directions. Initial conditions are notrelevant, since the flow is driven
Lo statistically steady sate.
8. Averaging procedures and resulting uncertainties

Statistics post-processed using the same spectral basis functions used 1o advance the Navier-Stokes cquations in
time.

Numerical ervors are less than 2%, cheeked by grid refinement at the lower Reynolds numbers. Statistical conver-
gence errors are about 5% for large scale guantities. but grow to half an order of magnitude (or the extreme tails
of the pdf of the gradients.

9. Available variables
3-d and 1-d energy spectra.

: Pdf ol longiudinal and transverse veloeity-differences at the five Reynolds numbers, for separations in the inertial
range. Pdi for flow fields fikered with several Gaussian filters, at Hey = 1442,

Pdf of velocity gradients, enstrophy, total strain and vorticity stretehing.

One restart field ot Hey — 96, spectraily truncated 324 resolution.
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. Storage size required and present format of the data: About 400 Kb of binary data for the restart file, and

400 Kbytes as ASCII data for the statistics.

. Contact person

Javier Jiméner.
School of Acronautics, U. Politéenica, 28040 Madrid. Spain.
E-mail: jimenez@larraja.dmtupm.cs

Main references

JIMENEZ, I., WRAY, A.A., SAFFMAN, P.G. & ROGALLO,R.S. 1992 The structure of inlense vorticity in isotropic
turbulence, J. Fluid Mech. 255, 65-90.

JIMENEZ, J. & WRAY, A.A. 1994 On the dynamics of small-scale vorticity in isotropic turbulence, in Annual Res,
Briefs, Centre for Turbulence Research, Stanford CA, pp. 287-312,

ROGALLO. R.S. 1981 Numerical experiments in homaogencous turhulence. NASA Tech, Meno. 81315,




HOMO04: Grid Turbulence with Plane Strain

Tucker & Reynolds

| 1. Description of the flow

Grid-gencrated, nearly isotropic turbulence is subjected to uniform strain by passing through a distorting duct.

; 2. Geometry

! The Tacility used was a suction wind-tunnel with a rectangular cross-section of varying shape bul constant cross-
secticnal area, A perforated metal plate with a square mesh was used as a grid, The flow entered, through the grid,
into a parallel section, from which it passed successively into a distorting section and, {inally, into another parallel

| section, where the strained turbulence relaxed towards isotropy.

; 3. Original sketch
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4. Flow characteristics

The wirbulence entering the distorting section contained considerable anisotropy, with the streamwise mean square
' velocity having 42% of the total turbulent kinetic energy.

5. Flow parameters

The grid mesh size was A/ —17.5mm and the solidity was o =0.36. The mean speed in the uniform section was
[V, = 6.1 m/s,

6. Iaflow and outflow boundary and initial conditions

Without the grid, the free stream trbulence level was 0.2%. The distorting duct was positioned at a distance of 35A1
from the grid.

7. Measurements

(4) Measurement procedures
The streamwise velority was measured with a single hot-wire, normal to the flow. The transverse velocities
were measured with a single hot-wire, slanted at 45” witly respeet 1o the flow direction.

(b) Measured quantities

Mean squared velocities in the streamwise, transverse and lateral directions.

(¢) Measurement evrors Possible uncertainty (95% confidence level) of 2% for the mean velocity, 4% for the
strcamwise Reynolds stress and 8% for the transverse and lateral Reynolds stresses,

e P S T e e S




. Available variables Mcan squared veloeities in the strcamwise, transveese and jateral directions.

. Storage size required and preseat format of the data

Small ASCI file. Notice that o is the strecamwisc direction.
. Contact person

Not available.

Main efarence

TUCKER, H.J. & REYNOLDS, A.J. 1968 The distortion of turbulence by irrotational plane strain J. Fivid Mech.
32, 657-673.
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HOMO05: Grid Turbulence with Transverse Strain

Leuchicer & Benoit

Flow description
Transverse strain at constant rate ) is created in planes perpendicular to the flow direction. The flow is defined (in
the laboratory axes) by the following non-zero clements of the strain rate matrix;

s Oy

—_—= = 1)
Ouay  Jaa ! M

With this definition, the principal axes are inclined by 45 deg. with respect to the laboratory frame in which the
measurements aie performed. Note that in the principal axes the llow would be delined by:

(')[/g _ (')(;";i

——— . —— = 1) 2
N duy (2

with the other gradients zero, Satisfactory homogeneity conditions are achieved in this flow.

. Geometry

The flow enters through a cylindrical duct of 0.3 m diameter into the distorting duct. The grid tarbulence penerator
(of 1.5 cmnesh size) is located in the eylindrical duct 0.25 m upstream of the distorting duct, "The distorting duct
has clliptical cross sections of constant area with continuously increasing cecentricity and fixed orientation (of 45
deg. wilh respect to the laboratory axes). The maximun value of the aspect ritio «/b of tiwe elliptical sections is 8.0
in the exit planc of the duct, corresponding to a non-dimensional time Dol La4, The Tenpth of the distorting duct
is 1, = 0.66 m.

Original sketch
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Flow characteristics

The Now is initially homogencous and slightly anisotropic (see below). "The axial velocity remains constant duting
the straining process and transverse homogeneity is conserved in the central part of the flow remote from the walls.
The wrbulence becomes progressively anisotropic under the etfeet of the strain. The anisotropization is represented
here by the growth of the transverse correlation cocflicient 7@/ v/ w', close to that observed i the transverse shear
{low (test case HOM2O).
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7.

K.

10.

. Flow parameters

* Axiat velocity: (7= 10m /s,
* Stramrate: I = 15.8 a1,

Hnt-wire methods using DISA (DAN 'EC) anememcters SSMOT and crossed-wire probes of type P61. Digital
data processing of 100 x 2048 simul'aneous samples for both velocity components. Four angular positions of
the probe are conridered to resolve the four non-z2ere Reynolds-siress components.

The measvrements re made in 13 eqaidistant positions an the axis of the duct between the initial section . = 0

- transverse mean veloeity eamponenis Voand B (negligible compared to [7),

T.33.1 ), deduced from the corresponding spectra,

Estimated 10 be of the order of one percem for the mean velocities and ~bout a few percent for e turbulence

. Inflow conditicns
"Nominal” initial condivions (at & = 0 and for U = 10 m/s) arc:
* kinetic cnergy: ¢%/2 == 0.283 m?/s?,
* anisotropy: (u” - ,lz—(v' +ut))/g? = 0.153,
* dissipation vate: ¢ = 17.% m*/s%,
= longiwudingl imtegial lengthscale; L, = 6.4 x 107% m,
* (ransverse integral lengthscale: o= 2.4 x 1077 i,
* Taylor micioscale: X = vﬁ/q"/f = 1.85 % 10737,
. /4 . _
* Yolmogorov lengthscale: iy = 1w fe) M 2012 x 1073 .
* microscale Reynolds number fte = /,-’/3 Ay =452
The initial section 2 = 0 s lucat.d 0.25 m dowastream of the turbulence grid.
Mezsured data
(a) Muasurement procedrre
and the exw section 7 = L = (.60 m.
(- Measured quantivies
- axial mean velocity component {
- Reynr s stresses uZ, v?, v, mr
- sreetra of the three velozity components,
- lengthseales Ly (= Ly ). Lp(= Laa Y and L, (=
(¢) Measorement errors
quantities.
Available measurements

The reselts are displeyed i a table with 17 columns coresponding to the following quantitics:

- longitude A position o (i),
- non-dhimensivaad tme 11,

- amal mean velocity component U (mi/s),

- Reynolds stresses u?, o4, 0%, 07 (in?/s?),

- dissipation raic ¢ (i /+*), evaluated from ¢ = - DFW — L {ddo? /).

- lengthscales Ly, (= Loy ). Lyl Lag ) and L. (= Layq) tn).

. Size and preseat formut of data

Smiall ASCH file.

Contact person

O, J.euchter

ONERA

8 rue des Vertugading
92120 Meudon. fance
= nual Jeuchier@onera. fy
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Pt 11. Main references L
G LEUCHTER, O. & BENOIT, J.P. 1991 Study of coupled effects of vfanc strain and rotatior on homogeneous wrbu-
? X lence Eighth Symposiunt on Turbulent Shear Fiows, Munich.
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6.

HOMU(6: Grid Turbulence with Successive Plane Strains

Gence & Mathieu

. Description of the flow

Grid turbulence was first subjected to plane strain until its principal Reynolds stresses were aligned with the principal
strain rate and then it was subjected to another plane strain but with a different orientation of principal axes.

. Geometry

Uniform flow passed through a grid with a square mesh size. Al = 35 mm. in an elliptical duct with axes lengths
0.3m and 0.075m and a length ooy /AS = 40. Then, it entered a first distorting duct section, with a lenpth of 0.4
m and an clliptical cross-section whose axis ratio diminished monotonically untit it reached unity (aircular shape).
Finally, the flow entered a second distorting section, also with an elliptical cross-section and a length of 0.-1m, which,
starting from a circular shape, ended-up to a shape identical Lo that at the entrance of the previous section. The final
section could be rotated about the streamwise axis; results are reported for angles a = O (corresponding o final
scction axes normal to those in the previous scetion. thus resulting in pure planc strain throughout both distorting
sections), 7 /8, w /4, 37 /8 and n /2.

. Original sketch
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. Flow characteristics

The mean velocity and the magnitude of the mean strain rate were approximately maintained constant throughout

the test section. The wirbulence kinetic encrgy decayed in the first distorting section but. depending on the value of

the angle o, itdecayed (o = 37 /& and ) or grew (a = 0,7 /& and 7 /41 in the second section. Atthe exit of the first
distorting scction, the principal axes of the Reynolds stress tensor became aligned with those of the local mean strain
rate tensor and then evolved, depending on the orientation of the final section. without, however, reaching perfect
aligniment with the local mean strain ases a: the duct’s exit.

. Flow paramecters

The mean velocity was 18,6 s !, The mear steain rate wis 3225 1

Inflow and outfiow boundary and initial conditions

The trace of the Reynolds stiess tensor at the entrance of the distorling duct was g2 — 0.33m2s 7,

2
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7. Measurements

(a) Measurement procednres
The mean velocity and the Reynolds stresses were measured with hot-wire anemometers. Shear stresses on
transverse planes were measurcd by roiating sinple wires at different oricntations with respect to the flow
direction.

{b) Measured quantitics
Apparently all Reynolds stresses were measured, but reported are only the evolutions of the turbulent kinetic
ercrgy, the main anisotropies and ihe principal stress angles.

(v) Measurement errorxs
Typical uncertainty (95% confidence level) is estimated to be & 2% for the mean velocity, £ 4% for the
streamwise normal stress and £ 8% for the other stresscs.

; 8. Available variables

All tabulated data have been presenied vs, the dimensionless streamwise distance xy /L (L = 0.8m is the length of
! the enlire distorting section), for different values of the angle a. Available variables are ¢* /¢, %, the anisotropics b,
and byz. the invariant b by, and the angle, ¢, between the principal axes of the Reynolds stress tensor and the strain
ralc tensor.

9. Storage size required and present format of the data
Small files in ASCII format.

10. Contact person

Professor J.N. Gence
Ecole Centrale de Lyon
B.P. 163, 69131 Feully Cedex, France

11. Main reference

GENCE. J.N, & MATHIEUY, J. 1979 On the application of successive plane strains to grid-generated turbulence J.
Fiuid Mech, 93,501-513.
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HOMO7: Return to Isotropy of Strained Grid Turbulence

Le Penven, Genee & Comte-Bellot

1. Description of the flow
Grid turbulence was first subjected to three-dimensional strain and then let to relax towards isotropy.
2. Geometry

Nearly isotropic urbulence was produced by a biplanc grid with a square mesh size Al = 50.8mm and a solidity
0.33, followed by a 1.27:1 contraction. This flow entered one of two interchangeable distorting ducis, each with
a length of 1.5m and a rectangular-shaped cross- section but bath height and width changing continuously, so that
a three-dimensional strain was imposed on the turbulence. Finally, the strained turbulence was let to relax back
towards isotropy in a 5.13m long section with a uniforn reclangular cross-section.

3. Original sketches

118m

o, & \——»xﬁ Loy

ULWUUU
mC:
\ 106 m )

13m 1m 05m| 0.5m 15m 513 m

GRID CONTRACTION DISTORTING TEST SECTION
1.27:1 DUCT

105 m
| S

4. Flow characteristics

The objective of the experiment was 1o determine the rafe of return towards isotropy of anisotropic turbulence,
and particularly its dependence on the initial partition of the tarbulence kinetic energy mto its three compongnts,
The second and third invariants of the Reynolds stress anisotropy tensor, by, == @70 fugug - 1/38, . are defined,
respectively, as [1 == by by and J1T = baby, by, The two distorting duets were designed (o give approximately
cqual values of J1 but opposite values of 717 at their exits, Because of the streamwise aceeleration, both cases
exhibited a streamwise Reynolds stress that was smaller than the two transverse ones. When 717 > 0, one of the
transverse stresses was substantially Larger than the other one, while, when 717 < 0, the two transverse stresses had
comparable magnitudes. The rate of return of the turbulence sbucture Wowands isotopy was found o be Targer when
11T << O than in the other casc.

5. Flow parametecs

The mean vetocity at the entranee to the distorting duct was I, - 6.0Gms Y for /1 5 0 and 7.2ms Y o
ITT < 0. In both ducts the mean flow accelerated downstream.
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9.

10.

5

. Inflow and outflow boundary and initial conditions

The values of the Reynolds stresses and the turbulence kinetic energy at the entrance 1o the final straight duct have
been provided in the data files.

. Measurements

(a) Measurcement procedures
The mean velocity and the Reynolds stresses were measured with standard cross-wire, hot-wire anemometers,

(b) Measured quantities
The three normal Reynolds stresses were measured, from which the turbulence kinetic energy and the second
invariant were calculated,

(¢c) Measurement errors
Typical uncertainty (95% confidence level) is estimated to be & 2% for the mean velocity, £ 4% for the
streamwise normal stress and & 8% for the other stresses.

. Available variables

The mean velocity in the distorting ducts has been presented vs. streamwise distance from the entrance. The three
normal stresses in the final siraight duct, the turbulence kincetic energy and the invariant /1 have been presented vs
the elapsed time t = [ 1/(17))dzy, measured from some effective origin.

Storage size required and present format of the data

Swall files in ASCII format.

Contact person

Professor J.N. Gence
Ecole Centrale de Lyon, B.P. 163, 69131 Ecully Cedex, France

. Main rcference

LE PENVEN, L., GENCE, J.N. & COMTE-BELLOT, G. 1985 On the approach Lo isotropy of homogeneous turbu-
lence: effect of the partition of kinetic encrgy among the velocity components in Froatiers in Fluid Mechanics, S.H.
Davis & J.L. Lumley (editors), Springer-Verlag,
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HOM10: Rotating Decaying Turbulence

Jacquin, Leuchter, Cambon & Mathieu

. Flow description

Freely decaying homogencous turbulence in solid-body rotation.
Y ying

Geometry

Solid-body rotation is created by means of a rotating duct of 0.3 m in dizmeter equipped with a fine-mesh haneycomb
and a grid wrbulence generator. The nominal mesh size of the wrbulence generator is 1.5 ¢m, but different mesh
sizes (1 em and 2 ¢m) have also been used. The flow is explored in a (fixed) eylindrical pipe of 0.3 m diameter and
of 0.88 m length, The initial section is located 0.25 m downstream of the wrbulence grid.

Original sketch

Convergent Rotating section Cylindrical test section
Fl H 3
“low ool |
. 4 - . < - [ S——
1
Honeycomb Grid ‘Initial" conditions
(x = xq)

. Flow characteristics

Homogencous turbulence is subjected to solid-body rotation. The rotation shghtly reduces the turbulent energy de-
cay, compared to the non-rotating reference case (also included in the data). Rotation mainly affecis the components
normal to the rotation axis and produces a distinet anisotropization of the integral lengthscales.

Flow parameters

* Axial velocity: 10 m/s,
* Rotation rate: §1 = 0 and 62.8 d/s,
Rosshy number I#o = 2¢/(§24*): vanging from 1.3 (upstream} o 0,13 (downstream).
y /i gy l

Mesh size of the turbulence generator:
case A M = 1.0cm
case B: A7 = 1.5 em
case C: Af == 2.0 em
Inflow conditions
‘Nominal' initial conditions (at & = O and Tor {7 = 1 /s, 0 = 0yare given in table | for flow cases A, B and
C. The inital section > = 0 is located .25 m downstream of the turbulence gnd. The following parameters are
considered in gable 1:

* Kinetic energy: ¢° /2,

*anisotropy: A/g® - (0¥ = 07) /gt

* dissipation rate: o,
Jomgatudinal integral lengthseale: 4.

transverse integral lengthseale 1.,
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* Taylor microscale: A = /brg? [,
* Kolmogorov lengthscale: 5 = (b3/¢) 77,
* microscale Reynolds number: Rey = /q?/3A/v.

1/4

Table 1: Inflow conditions

flow casc A B C
M () 0.01 0.015 0.02
q*/2 (m?/s?) 0.149 0.264 0.466
Alq? 0.04 0.17 0.17
¢ (m?/s%) 1.6 16.1 317
L, (m) 5.6 x 1073 6.4 x 1073 6.1 x 1073
Ly (m) 2.3 x 103 2.4 x 1073 2.4 x 1078
A (m) 1.4 x 10~3 1.6 x 10-3 1.5 x 10-8
7 (m) 0.13 x 10 ® 0.12 x 10~* 0.10 x 10-3
Rey 29.1 43.3 55.2

7. Mecasured data

(a

(b

(¢

) Measurement procedure
Hot-wire methods using DISA (DANTEC) anemometers SSMO1T and crossed-wire probes of type P61, Digital
data processing of 100 x 2048 simultancous samples for both velocity components. Four-wire probes were
also used.
The measurcments are made in 10 positions on the axis of the duct between the initial section © = 0 and the
exit section a = L = 0.88 m.

} Measured quantities
- axial mean velocity component U,
- transverse mean velocily component V' (negligible compared to U),
- Reynouds stresses 12 and 0%,
- spectra of the three velocity components,
- lengthscales Ly (= Ly1a) and Ly (= Laay), deduced from the corresponding spectra.

Measurement errors:

~

Estimated to be of the order of one percent for the mean velocities and aboul a few percent for the wrbulence
quantities,

8. Available measurements

The results are disposed in six tables with 8 columas corresponding to the {ollowing quantitics:

- longitsdinal position x (1),

- axial mean velocity component U (mn/s),

- Reynolds stresses 1, o, (m?/54),

- trace of the Reynolds stress tensor ¢ (mi?/¢%), evaluated from ¢ = u® 4 2u?,
27¢M evalunted £ o Lo ol

- dissipation rawe ¢ (in?/s%), evaluated from ¢ = — 3 Uldg* /clx).

- lengthscales Ly(= Lyy g ) and Ly(c= Ly ) (m).

The tables | to 6 correspond (o the following cases:
| 2

- ‘Table 1: Flow case A, 2 =0
- Table 2: Flow case A, 2 = 62.8rd/s
- ‘Table 3: Flow case B, {1 = ()
- ‘Table 4: Flow case B, ! = 62.8 rd/s
- Table 5: [Flow case C, §1 — 0
- Table 6: Flow case C, 1 = 62.8 rd/s
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10.

. Size and present format of data

Small ASCII files.

Contact person

0. Leuchter

ONERA

8 ruc des Vertugadins

F 92190 Mcudon, France
¢-mail: leuchier@onera.fr

. Main references

LEUCIITER, O., JACQUIN, L. & GEFFROY, P. 1989 Etude expérimentale de la wrbulence homogdne en rotation.
Confrontation avee un modele EDQNM. Internal ONERA Report [1/1145AY.

JACQUIN, L., LEUCHTER. O., CAMBON, C. & MATHIEU, J. 1990 Homogencous turbulence in the presence of
rotation. J. Fluid Mech. 220, 1-52,
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HOMI12: Rotating Turbulence with Axisymmetric Strain

Leuchter & Dupeuple

1. Flow description

Homogencous turbulent flow in solid-body rotation is subjected to axisymmetric contraction with a constant strain
rate. The flow distortion is defined by the following strain rate matrix:

D 0 0

I

< %) = 0 ~Dj2 -0 (1)
4 0 O -DJ2

where D is the strain rate and 2 the rotation rate which varies with time according to

0O, U
8 _ o U 2
S 2)

§Qp is the initial rotation rate belore the strain is applied (at lime 1=0), and Uy the corresponding axial velocily.
2. Geometry

Solid-budy rotation is created by means of a rotating duct of 0.2 m diameler equipped with a fine-mesh honeycomb
and a grid turbulence gencrator of 1.5 ¢cm mesh size. The geometry of the contracting duct is definzd by:

W =1
R _ (), D1y
—_ﬁ: = (1+ O ) (3)

ensating constant 7. f2(x) is the radiug of the duct at position x ano Ity its initial value (g = 0.15 m); = is the
axial distance from the initial section where the straining process begine.

Two coutracting ducts of different Iength I, but with the same total contraction €' = [RO/R(L)]'"’ have Lzen used in
the experiments:

o duct [ of lengih L=1 m.

e duct 2 of length 1.=0.5 n.

2. Original sketch

Convergent Rotating duct Distorting duct

LA

Honeycomb Grin Duct 2 (D=483s7")
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4. Flow characteristics

The flow is initially in solid-body rotation and the urbulence is homogencous. Transverse homogencity is conserved
near the axis during the straining process. The initial axial velocity is Uy = 8 mi/s. The corresponding maximum
initial rotation ratc is 2 = 48 rd/s and the corresponding strain ratc is 2 = 24 s~ forduct 1 and ) = 48 571
for dnct 2. The case of pure axisymmetric sirain (20 = Q) is considered as the reference case and is also included in
the data.. During the distortion. rotation noticeahly reduces the anisotropy of the Reynolds-stresscs produced by the
strain. and simultancously increases the fevel of the rapid pressure-strain correlations. This specific rotaton effect is
not reproduced by the classical Reynolds-stress models.

5. Flow parameters

The flow configurations arc the following:

Tuble 1: Flow parameters

configuration duct Lo (11 /) D(s ) WD =
I i 8 24 0
2 1 8 24 2
3 2 8 48 0
4 2 8 48 1

6. Inflow conditions
“Nominal” initial conditions (at « = O and for Uy = 8m/s . wp = 0) are:
* Kinctic energy: g2 /2 = 0,16 m? /s,
* anisotropy: (nf = ) /y? — 0,12,
* dissipation rate: ¢ = - 8.2 m*/s3,
* longitudinal integral lengthseale: Ly =+ 5.8 x 1073 i,
* transverse integral lengthseale: L, = 2.5 x 10 %,
* Taylor microscale: A — \/5rg?fc = 1.7 x 107" .
* Kolmogorov lengthscale: 7 — (l/"‘/()l/'l = (.14 x 107 n,
* miicroscale Reynolds number: Itey = \/71'-_’-/‘.‘{',\/u = 37.

The imtial section a2 = 0is located 0.25 m downstream of the turhulence grid.
7. Measured data

(1) Measurement procedure
Hot-wire methods using DISA (DANTECY snemometers SSMOand crossed wi,e probe. of type P61 Dignal
data processing of 100 x 20:1% simuliancous samples {or both velocity components.
The flow is explored on the axis of the duct between the longitudingl positons & /7 = O and >/ 4 = 1 for duct
(L = 1 myand Letween /L = —0.25 una of L= 123 Tor duct 2 (L = 0. 10y The axial distance between
sreeessive measurement pointsas A = L7106, yiekhng actotal number of 17 meamrement points for duet
and 25 measurement points for duct 2,
(b) Measured quantitics
- axial mean velocity comiponent 7,
- transverse mean velocity component Vo (negligible compared to {7,
- varianee of the fluctuating axial velocity component 1,

variance of the fluctuztimg tansverse velociy component v,

- spectra of both velocity comiponents.,
lengthseales Ly (0 Ly ) and L.(0 Loa Y dedeced from the conespondimg spectia.

Measurement errors

“

Estimated to be of the order of one percent for the mean velocities and about a few percent for the turbulence
quantities




8. Available mcasurements

10.

11

The results are disposed in four data sets corresponding lo the nominal conditions indicated in Table 1. All the
quantitics are given in physical dimensions. Each data set has 8 columns corresponding to the following quantities:

- longitudinal position x (m),

- local strain rate D (s~!), evaluated from D = 8U /dz,

- local rotation rate 2 (s1), evaluated from = QuU/Us.

- axial mean velocity component U (m/s),

- variance of the fluctuating axial velocity component u2 (m?/s?),

- variance of the fluctuating transverse velocity component v2 (m?/s?),

- trace of the Reynolds stress tensor g2 (m?/s?), evaluated from g% = u? + 27,

dissipation ratc € (m?/s%), cvaluated from € = — D(u? — v?) — $Udg?/dz).

. Size and present format of data

Small ASCII files.

Contact person

O. Leuchter

ONERA

8 ruc des Vertugadins

F 92190 Meudon, France
e-mail: leuchter@onera.fr

Main references

LEUCHTER, O. & DUPEUBLE, A. 1993 Rotating homogeneous turbulence subjected to axisyrmmetric contraction
Ninth Symposium on Turbulent Shear Flows, Kyoto.

LEUCHTER, O. 1993 Turbulence homogene soumise a des effets couplés de rotation et de déformation plane ou
axisymétrique Internal ONERA Report 15/1145AY.

LEUCHTER, O. & BERTOGLIO. J.P. 1995 Non-lincar spcctral approach to rotating turbulence in the presence of
strain Tenth Symposium on Turbulent Shear Flows. The Pennsylvania State University.
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HOM14: Rotating Turbulence with Plane Strain

Leuchter, Benoit & Cambon

Flow description

Homaogeneous turbulent flow in solid-body rotation with a rotation rate 2 is subjected (o plane strain with a strain
rate L < §1 (elliptical flow regime). The mean flow distortion is defined by the following strain rate matrix:

00 U
N/
(()—[—'): 0 0 D-qQ )
oy 0 DN 0

where 12 and {2 are constant. The distortion is restricted to planes normal to the axial direetion, Eq.(1) is written in
the Laboratory coordimate system, in which the experimental results will be given. The laboratory frame is rotated
by 7 /4 with respect to the prncipal divections of the plane strain, for which eq.(1) reads:

- 00 0
(‘,";)= 0D -0 )
i) 0 Q -D

£
H
g
&
]
]

Duc to the condition 0 > 1) the basie flow becomes periodic and the turbulence paramceters exhibit undutating

featurnes

2 Gieometry

Sobd body yotation s created by aneans of asotating duct of 0.3 mdiameter equipped with a fine-mesh honeycomb
and a4 pnd surhulence peacrator of 15 cinmeshe size. The distorting duet has elliptical cross sections of constant
\ arca and perodically vving cecentricny and orientation of the main axes. For an axial velocity of 10 m/s and for
2D o 208 awhole peniod of low s completed with alength ol 116 m.

T THREITLET Aeh] B -2 T

2 Original sketeh

Convergent Rotating duct Distorting duct

' o

N
Honeycomb Grid Inltist seciion ( xo )

(a)

4. Flow characteristics

The flow is initially in solid-body rotaton and the turbulence is hamogencous. Accarding to eq.(1). the axial veloe-
ity remains constant during the distortion and tansverse homogeneity is conserved in the central part of the duct.
The mitial axial velocity is {7 = 10 /s The speerfic features are the undulating variations of the anisolropy pa-
rameters, confirmed by spectral modelling. Classical Reynolds stress models do not predict correcetly this behaviour.




i)

5. Flow parameters

*

[

*

Axial velocity: 10 m/s,
Strain rate: D = 31487,
Rotation rate: §2 = 62.4 571,

6. Inflow conditions

“"Nominal* initial conditions (at ¢ = 0 and for U = 10 mn/s) are:

*

*®

*

kinetic energy: ¢2/2 = 0,269 m?/s?,

anisotropy: (u? ~ (02 4 w?))/¢* = 0.125,

dissination rate: ¢ = 16.2m?/s7,

longitudinal integral lengthscale: Ly, = 6.8 x 1073 1,
ransverse integral lengthseale: Ly = 3.2 x 1073 m,
Taylor microscale: A = /g2 /e = 1.6 x 1073 m,
Kolmogorov lengthscale: = (113/6)1/4 =012 x 1073 m,
microscale Reynolds numiber: Rey = /q2/3A/v = 45.

The initial section z = 0 is located 0.25 m downstream of the turbulence grid.

7. Measured data

()

(h)

(¢

Measurement procedure
Hot-wire methods using DISA (DANTEC) anemometers 35MO1 and crossed-wire probes of type P61, Digital
data processing of 100 x 2048 simultancous samples for both velocity components. Four angular positions of
the probe are considered 1o resolve the four non-zero Reynolds-stiess components.
The measurements arc made in 22 positions no the axis of the duct between the longitudinal positions @ = 0
andz = L =1.16 m.
Measured quantities

- axial mean velocity component U/,
transverse mean velocity components Voand 1 (negligible compared 10 /),
- Reynolds stresses u?, v wd | v,

- spectra of the three velocity components,
- lengthscales Ly, (= L1y ), Lu(= Lay1) and Ly (= Lyz,1). deduced from the corresponding spectra.
Measurement errors

Listimated 1o be of the order ol one percent for the mean velocities and about a few pereent for the turbulence
quantities,

8. Available measurements

The results are disposed in a table of 11 columns corresponding to the following quantitics:

i

longitudinal position a: (),

relative position ¢ = a/L,

axial mean velocity component U (in1/3),

Reynolds stresses 12, v2, w?, o (in?/s?),

dissipation rate ¢ (m*/s%), evaluated from ¢ = —2DFW ~ LU[dq? [d].

lengthscales Ly (= L), Lo(= Lagy) and Ly (= Lagy) (m).

9. Size and present format of data
Small ASCII file.

10. Contact person

O. Leuchter

ONERA

8§ rue des Vertugading
[£492190 Mcudon, France
e-mail: leuchter@onera.fr
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11. Main references

| LEUCHTER, O. & BENOIT, J.P. 1991 Study of coupled effects of plane strain and rotation on homogencous turbu-
‘ lence Eighth Symposium on Turbulent Shear Fiows, Munich.

LEUCHTER, O., BENOIT, J.P. & CAMBON, C. 1992 Homogencous turbulence subjecied to rotation-dominated
" ne distortion Fourth European Turbulence Conference, Delft.

| LEUCHTER, O. 1993 Turbulence homogenc soumise a des effets couplés de rotation et de déformation planc ou
1 axisymétrique Internal ONERA Report 15/1 14547,
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HOM20: Transversely Sheared Flow

Leuchter ef al.

Flow description

Homogeneous transverse shear is created by the superpesition of solid-body rotation at rate {1 and plane strain at raie
D, with D = Q. resulting in a uniform shear flow at rate S = D + 1 in planes perpendicular to the flow direction:

(aUa>=D+n=s ()

22

Satisfactory homogeneity conditions are thus achieved.

. Geometry

Solid-body rotation is created by means of a rotating duct of 0.3 m diameter cquipped with a fine-mesh honcycomb
and a grid turbulence generator of 1.5 cm mesh size. The distorting duct has elliptical zross sections of constant
arca with continuously increasing eccentricity and varying oricntation of the main axes. The maximum value of the
aspect ratio a/b of the elliptical section is 6.92 in the exit planc of the duct, corresponding to a non-dimensional t:me
St 012.25. The length of the distorting duct is L = 0.66 7.

. Original sketch

Convargent Rotating duct Distorting duct

T ( J 3

=] I
= H
— - B+ i
% : 1 2 3
/ \‘\]\4
Horeycomb QGrid Inttisl section (%o )

. Flow characteristics

The flow is initially in solid-body rotation and the turbulence is homogeneous. The axial velocity remains constant
during the straining process and transverse homogeneity is conserved n the central part of the How. ‘The turbulence
beecumes progressively anisotropic under the cffect of shear; the growing of the transverse shear stress zorrelation
cocfficient is very similar to that observed in flows with longitudinal sheai.

. Flow parameters

* Axial velocity: 10 m/s.
* Strainrate: D =175 1,
* Rotation rate: 0 = 17 s Y,

* Shear tate: S = 34 571,

Infiow conditions

‘Nominal tnitial conditions (atax = 0 and for {7 = 1011 /5) are:
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7.

8.

9.

10.

* kinctic encray: ¢2/2 = 0.262 m?/s?,

* anisotropy: (u? — %(17’ +wh)) /¢ = 0,150,

* dissipation rate: ¢ = 16.2m?/s%,

* longitudinal integral lengthscale: L, = 6.6 x 1073 i,

* transverse integral lengthscale: L, = 2.7 x 10 3 m,

* Taylor microscale: A = \/Brg?/c = 1.56 x 10™% m,

* Kolmogorov lengthscale: n = (13 /)" = 0.12 x 10-%m,
* microscale Reynolds number: Rey, = \ﬂ]T/—"» AJv =43.5.

The inicial section = 0 1s located 0.25 m downstream of the turbulence grid.
Measured data

(a) Measarement procedure
Hot-wire methods using DISA (DANTEC) anemonieters S5MO1 and crossed-wire probes of type P61, Digital
data processing of 100 x 2048 simultancous samples for both velocity components. Four angular positions of
the probe arc considered to resolve the four non-zero Reynolds-stress components. Four-wire probes were also
used.
The measarements are made in 13 equidistant positions on the axis of the duct between the initial section @ = 0
and the exit section » = L = 0.66 .
(t) Measured quantitics
- axial mean velocity component I/,
- transverse mean velocity components U and 11 (negligeable compared o U),
- Reynolds stresses u2, v2, ¥, 7w,
- spectr of the three velocity components,
- lengthscales Ly(= L), Le(= Lagg) and Ly(= Lag ;). dedueed from the corresponding specira.
(c) Measurement errors Estimated to be of the order of one percent for the mean velocities and about a few
percent for the turbulence quantitics.

Avaituble measurements

The results are disposed in a table with 11 columns coiresponding to the following guantities:

longitudinal position = (1),

non-dimensional time St.

axial mean velocity component {f (in/s).

Reynolds stresses u?, v?, w2, ow (n?/s?),

dissipation rate € (m?/s"), evaluated from ¢ = —Svir — JU[dg* /da].
lengthscales Ly (= Lyy ) Lo(= Laag) and Ly(= L3szy) (m).

Size and present format of data
Small ASCII file.

Contact person

0. Leuchier

ONERA

8 rue des Verlegading

F 92190 Meudon, France
c-mail: leuchter@onera. fr

. Main references

MOULIN, V.. LEUCHTER, (3. & GEFFROY, P 1989 Experimental study of homogencous turbulence in the presence
of ransverse shear Seventh Sympaositum on Turbident Shear Flows, Stanford.

LEUCHTER, O. & GEFFROY, P. 1989 Erudr expérimentale de la turbulence homagéne en rotation ct défvrmation
Internal ONERA Repaort 12/11415AY.

LEUCHTER, O., BENOIT, J.P, BERTOGLIO, 1P & MATHIEU, 1. 1990 Experimental and theoretical investigation
of a homogeneous turbulent shear fiew Third Enropean Turbulence Caonference, Stockholm,

LEUCHTER, O., BzNnorr, J.P & Grrrroy, PO 1991 Turbuleace homogene en rotation soumise & des effets de
détormation. Cas particulier du cisaillement fnrernal ONERA Report 13/1145AY.
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HOMZ21: Uniformiy Sheared Flow

Tavoularis & Corrsin

|. Description of the flow

Uniformly sheared wrbulent flow, with near transverse homogeneity and with stresses growing exponentially down-
stream.

2. Geometry

The mean shear was produced by a shear-turbulence generator, consisting of a set of ten parallel channels, cach
having a mcan speed adjusted by means of a different set of screens posing resistance to the flow. Circular rods
positioncd across the exit of each channel produced a relatively high initial turbulence level and could also be heated
electrically for the generation of a temperature field. The sanie set of channels acted as a flow separator, enforcing
an initial uniformity of length scales, comparable to the channel height.

3. Original sketch

slots Parallel

lates .

r Heating
rods

4. Flow characteristics

The side wails of the nearly square test seetion were slightly diverging to produce a nearly constant mean pressure
throughout the test section. Following an initial development length, in which the initial turbulence decayed, a fully
developed, quasi-sclf-similar region was established. In this region, imean shear was, by far, the main production
mechanism and the turbulence attained a reasonable transverse homogeneity and reached constant asymptotic values
of the Reynolds stress anisotropies and the production-to-dissipation ratio. All Reynolds stresses and the turbulence
kinctic cnergy grew al the same exponential rates.

5. Klow parameters
Initial channel spacing, M = 30.8mm. Test section height. h = 305mmn. Centreline mean speed. U = 12.4ms” 1
Mcan shear, dU, /dap = 46.85 ). ‘
6. Inflow and outfiow boundary and initial conditions
Because the turbulence at the exit of the shear generator was not produced by the mean shear, and, therefore, had an
irrelevant siructure, one should avoid using measurements too close to the origin (e.g. for z,/h < 4 5).

7. Measurements

(a) Measurement procedures

All measurements were taken with standard, single- and cross-wire, hot wire ancmomceters. Auto-correlations
were based on ‘Taylor's frozen fiow approximation and two-point correlations were measured by iraversing two
probes with a precision device.
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(b) Measured quantitics Mcans, Reynolds stresses. triple and fourth-order moments, auto-correlations and two-
paint correlations, space-time correlations, integral length scales in different directions, Taylor microscales,
frequency spectra of the strcamwise and transverse velocities and the shear saress, and single-point pdf and
jointpdl,

(¢) Measurement errors
Estimated uncertainty (95% confidence level) is 2% for the mean velacity, 5% for the mean shear, 4% for the
normal turbulent stress and 8% for the other stresses.

8. Available variables
Normal and shear Reynolds stresses, integral length seales and Taylor microscales along the tunnel centreline have
been tabulated va. downstream distance. Two-paint correlations vs, separation distance.

9. Storage sizc required and present format of the data
Small ASCII files.

10. Contact person

Professor Stavros Tavoularis

Department of Mechanical Engincering, University of Ottawa
Ottawa, Ontario, Canada KIN 6N5

tel/fax: (613) 562 5800 cxt. 627}

¢-mail: tav@cng.uottawa.ca

11. Main references

TAVOULARIS, S. & CORRSIN, S, 1981a Experiments in a nearly homogencous shear flow with a uniform mean
temperature gradient. Part 1 J. Fluid Mech. 104, 311-347,

TAVOULARIS, . & CORRSIN, S. 1981b Experiments in a nearly homegencous shear flow with a uniform mean
temperature gradient. Part 2. The fine structure J. Fluid Mech. 104, 349-367.
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HOM22: Uniformly Sheared Flow

Tavoularis, Karnik & Ferchichi t

1. Description of the flow

Uniformly sheared turbulent flow, with ncar transverse hamogencity and with stresses growing exponentially down-
stream.

2. Geometry

The mean shear was produced by a shear generator, posing variable resistance to the flow. A flow separator, consist-
ing of a set of parallel channcls, enforced an initial uniformity of length scales. comparable to the channel height,
M. When desired, the mean shear magnitude was reduced by the insertion of une or more uniform grids or screens
in the flow development region.

3. Original sketch

Shear Flow Screen
generator  separator insertion siots

i iy 1'7 ! /
: Iy
x’ ] h=305 / /'
1524wt 607+ 305 ke-457-—be— 610 /
A B C D
Contraction

4. Flow characteristics

Following an initial developiment region. the turbulence attained a reasonable transverse homogeneity and reached
asymptotic values of the Reynolds stress anisotropics. All Reynolds stresses grew at the same exponential rates.

5. Flow parameters

Initial channel spacing, A =25.4 mm. Cross section heipot, £ =305 mm (all references). Centerline mean speed:
U, = 13.0 m/s (Tavoularis & Karnik 1989, TK89); U, =8.9 n/s (Ferchichi & Tavoularis 1997, FT97.) Shear rate:
maximum 84.0 m/s, reduced by the insertion of grid(s) or by lowering the tunne! speed (TK89); 63.5 m/s (F197).

6. Inflow and outflow boundary and initial conditions

Because the turbulence at the exit of the shear generator was not produced by the mean shear, and, therefore. had an
irrelevant structure, one should avoid using measurements oo close to the origin (¢.g. for 2, /h < 4.5).

7. Measurements

(a) Measurement procedures

All measurements taken with standard single- and cross-wire, hot-wire anemometers.

(b) Measured quantities

Means. Reynolds stresses, integral length scales and ‘Taylor microscales (TK89, Holloway & Tavoularis 1992).
Pdf of streamwise and wansverse velocity differences (FT97), Encrgy spectra (Holloway & Tavoularis 1993.)
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(¢) Measurement errors
Estimated uncertainty (95% confidence level) is 2% for the mean velocity, 5% for the mean shear, 4% for the
normal turbufent stress and 8% for the other stresses.
8. Available variables
From Ref. 5: Reynolds stresses and integral length scales along the centreline vs. streamwise distance for four
different mean shear rates,

From Ref. 1. Probabilily density functions of streamwise and transverse velocity differences (A (o), Ay (),
Auy(x2)) at a position with o, /h = 783, where U, =89 nv/s, v’y =0.724 m/s, A = 4.6 mm, L =30 mm,
Rey = 212 and 7 = 0.16 mm. Energy spectrum of the streamwise velocity.

9. Storage size required and present format of the data
Small ASCII files.

10. Contact person
Professor Stavros Tavouiaris
Department of Mechanical Engineering, University of Ottawa
Outawa, Ontario, Canada KIN 6NS
tel/fax: (613) 562 5800 cxt. 6271
c-mail: tav@eng.uottawi.ca

11. Main references

FERCHICH), M. & TAVOULARIS, S. 1997 Unpublished measurements.

HOLLOWAY, A.G.L. & TAVOULARIS, S. 1992 The effects of curvature on sheared turbulence J. Fluid Mech. 237, 569-
603,

HorLLowAaYy, A.G.L. & TAVOULARIS, 8. 1993 Scaling and Structure of Turbulent Eddics in Curved Sheared Flows
Turbulent Shear Flovws 8, . Durst et al (editors), 383-401, Springer,

KARNIK, U. & TAVOULARIS, S. 1987 Generauon and manipulation of uniform shear with the use of screens Exper:
Fluids 8, 247-254.

TAVOULARIS, S. & KARNIK, U. 1989 Further experiments on the evolution of turbulent stresses and scales in uniformly
sheared wrbulence J. Fluid Mech. 204, 457-478.
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HOM23: Homogeneous Shear Flow

Rogers & Moin

. Description of the flow

Incompressible homogencous turbulent shear flow. Passive scalar evolution in the presence of a mean scalar gradient
also included.

. Geometry

Fully periodic domain, with computational grid following the mean shear between remeshings. Orthogonal grid at
multiples of 5t = 2, where S = 9U/dy is the mean shear rate and ¢ is time.

. Original sketch: Not applicable.

. Flow characteristics

Homogeneous turbulence with no irrotational interfaces or walls. Size of large-scale eddies determined by initial
energy spectrum.

. Flow parameters

Six 128 x 128 x 128 simulations containing four different hydrodynamic ficlds and two additional cases with scalars
of different Schmidt numbers, Box size 9.97 x 4.99 x 4.99,

C128R Ci1288 Ci128U Cl128W (Ci128X
Mcan shear raic S 28.284 28284 28284 56.568  14.142
Kinematic viscosity 0.010 0.010 0.010 0.020 0.005

Schmidt number Se 1.0 0.2 0.7 2.0 0.7
Mean scalar gradient 2.5 2.5 2.5 2.5 2.5
St 16 16 16 28 14

Once the flows reach the developed state, Sg? /e ranges from ebout 10 to 15, ¢*/(cv) ranges from about 500 to 2000,
and the microscale Reynolds number v’ Ay /v ranges from about 70 to 100.

. Numerical methods and resolution: Spectral numerical scheme as in (Rogallo 1981), on a 128% collocation grid.
The grid is distorted by the shear, and is periodically re-interpolated to orthogonal (at SAt = 2).

. Boundary and initial conditions
Periodic boundary conditions in all three coordinate dircctions. Initial 1op-hat energy and scalar spectrum over
wavenumbers 16 < & < 32.

. Averaging procedures and resulting uncertainties:
Statistics post-processed using the same spectral basis functions used to advance the Navier-Stokes equations in
time. Statistics are comoiled over individual data ficlds, and uncertaintics are correspondingly high.

. Available variables
Time history of single-point second-order velocity statistics, integral length scales, and dissipation,
Short-range two-point corrclation tensor, up 0 AN, = AN, = AN; = 16 for w, W, v W G Y, o2 al
all times with orthogonai grids, for each casc.

. Storage size required and present format of the data

About 46 Mb of IEEE single precision floating point data, plus short ASCII files.

. Contact person

Dr. M.M. Rogers
NASA Ames Research Centre, Motfetl Field, Ca. 94035, USA.
E-matl: mrogers @nas.nasa.gov
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12. Main references
RoGALLO, R.8. 1981 Numcrical experiments in homogencous turbulence. NASA Tech. Memao. 81315,

ROGERS, M. .M., MOIN, P. & REYNOLDS, W.C. 1986 The Structure and Modelling of the Hydrodynamic and
Passive Scalar Ficlds in Homogencous Turbulent Shear Flow, Depr. Mech. Eng. Report No. TF-25. Stanford
University, Stanford, Califarnia,

ROGERS, M.M. & MOIN, P. 1987 The structure of the vorticity ficld in homogencous turbulent flows J. Fluid Mech.
176, 33-GG6.

ROGERS, M.M., MANSOUR, N.N. & REYNOLDS, W.C. 1989 An algchraic model for the turbulent flux of a
passive scalar J. Fluid Mech. 203, 77-101,
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HOM24: Homogeneous Shear Fiow

Sarkar

. Description of the flow:

Uniform shear flow (DNS).

. Geometry:

Triply periodic mesh, plus shear. Nondimensional length of the computational domain is 27 in each direction. This
length is ‘much’ larger than the integral length scale and ideally docs not determine the evolution of the statistics.

. Original sketch: Not applicable.

. Flow characteristics:

A uniform mean shear, § = dU /dy, is imposed on an initial isotropic perturbation field u. The evolution of the flow
ficld as a function of nondimensional lime, St, is of interest. The flow is nonlinearly unstable and the asymptotic
state is exponential growth of turbulent kinetic energy, /', and turbulent dissipation rate, . It should be noted
that, since, Ity and the integral length scales increase with time in uniformly sheared {low, the simulation has to be
eventually stopped when the resolution of large or small scales becomes inadequate,

. Flow parameters

For a given initial spectral shape of the isotropic velocity perturbations. the subscquent evolution of the flow as
a function of nondimensional time St depends on the initial values of shear number SK/e and the microscale
Reynolds number By = ul/v. Here, u is the rins. of a velocity component and A is defined by € = 151/712/,\2.
The initial values of the parameters are SK /e == 2.6, Ry, = 24.3.

. Numerical method and resolution:

The incompressible Navier-Stokes cquations arc simulated in a frame moving with the mean velocity as in Ro-
gallo (1981). Remeshing is performed at regular intervals to minimize errors due to the skewed grid coordinates.
Fourier collocation is used 1o compute spatial derivatives and a third-order, Runge-Kutta methad is used for time
advancement.

Volume averages and spectra were obtained at integral St when the computational grid is orthogonal. The computa-
tionai domain is a cube uf size 27 with a 128° spatial grid.

. Boundary and initial conditions

Periodic boundary conditions in a frame moving with the mean velocity. Initial velocity perturbations are isotropic
with an energy spectrum, (k) oc k* exp(—2k%/k2,), with k,,, = 18,

m

. Averaging procedures and vesuiting uncertainties

Statistics are compiled during the run for individual flow ficlds.

. Available variables

Time history of single-point second-order velocity statistics, integral length scales, and dissipation.

Short-range correlations for u} u}, ubul. ujul, uju}, and p'p’ that span a cube of side 16 points, at St = 7, 11 and
15,

Three-dimensional energy spectra at times St = 0, 3 (25 15.

Storage size required and preseat format of the data

Approximately 2 MB of binary, plus short ASCII statistics.

. Contact person

Sutanu Sarkar
Department of AMES, 0411, 9500 Giliman Drive
University of California at San Dicgo
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LaJolla, CA 92093

Email: sarkar@ames.ucsd.edu
Tel: (619)-534-8243 Fax: (619)-534.7599
12. Main references
SARKAR, 8. 1995 The Stabilizing Effcct of Compressibility in Turbulent Shear Flow J. Fluid Mech., 282, 163-186.

SARKAR, S., ERLEBACHER. G. & HUSSAINI, M.Y. 1991 Dircct Simulation of Compressible Turbulence in a Shear
Flow Theor. Comput. Fluid Dynamics, 2, 291-305.
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HOM25: Homogeneous Shear Flow (High Shear)

Lee, Kim & Moin

. Description: Homogeneous turbt'ent shear flow, at high shear ratcs.
. Flow geometry: Uniform shear flow with linear mean velocity profile.
. Original sketch: Not applicable.

. Flow characteristics

The flow is subject 10 high shear rate (S* = S¢%/c = 356, where S = dU/dy is the shear sate, ¢* is twice the
turbulent kinctic energy and e is the dissipation rate of g% /2) and the streaky structures similar to those found in the
sublayer (y* < 10) of wall-bounded flows (where S* = 35) develop at around St = 8 and beyond, indicating that
the (dimensioniess) shear rate is the controlling parameter that determines the organized structures in turbulent shear
flows. Comparison of turbulence statistics with channel flow also shows remarkable similarity.

. Flow parameters

Mecan flow has uniform shear (and hence linear velocity profile, U = Sy). The turbulence Reynolds number
Rey = ¢%/(ve) ranged from 300-2400 for St = 0-16 and the Reynolds number Reyx = ¢A/v based on the

 N\1/2
longitudinal Taylor microscale A = (u?/u'fl.) 1anged from 40 16 400.

Numerical methods and resolution

Pscudo-spectral method was used to solve the Navier—Stokes equations with 512 x 128 x 128 Fourier modes in the
{x,¥, 2)-directions. Time-marching was done with the second-order Runge-Kutta method. Alias removal is carried
out by combination of piase shift and truncation. (Rogallo 1981). Grid spacing was uniform in all three directions;
A x 4(p)S)V2

. Boundary and initial conditions

Computational domain: (B, By, B:) = (8, 2x,2%), periodic in all three directions

The initial condition for the present data set was obtained by an isotropic-decay run which gave an isotropic ficld
with realistic statistics including velocity-derivative skewness S, » & —0.47.

. Averaging procedures and resulting uncertaintics

Averaged is done over individual fields.

. Available variables

Time histories of one-point statistics: Ry, dR;; /di, Reynolds-stress transport budget terms (7, 7735, D;; ), integral
length scales, Taylor microscales, as well equivalent quantiries for the vorticity.

Storage size required and file format: Short ASCII file,

. Contact person

Moon §. Lee

Departiment of Mechanical Engincering, Pohang University of Science and Technology
Hyoja-dong San 31, Pohang 790-784, Korca

L-mail: mjlee@vision.postech.ic.kr

Phone: 82-562-279-2178

PAX: 82-562-279-5567 or 3199

. Main references

Leg, M., KiM, J. & MOIN, P. 1990 Structure of turbulence at high shear rate, J. Fluid Mech. 216, 561-583.



HOM26: Uniformly Sheared Flow with Streamwise Plane Strain

Sreenivasan

1. Descrintion of the fiow

Uniformly sheared wrbulence was let fo develap to an asymptotic state and then passed through a iwo-dimensional
contraction, perpendicular jo the mean shear.

2. Geometry

The flow was gencraied by the usval means of a shear gencrator/flow separator device, with a uniform channcl
spacing. essentially the same as the Harris, Graham and Corrsin (1977) and the Tavoularis and Corrsin (1981) setup
(sce case HOM21). The wind tunnel height, h, in the direction of mean shear, was kept constant thronghout the
experiment. The contractions were made of polished wood and inserted symmetrically at a position 7.6k dowustrcam
of the shear generater, where the sheared wrbulence had reached its asymptotic structure. Two contractions, denoted
as a and b, were used, with final contraction ratios equal to 1.4 and 2.6, respectively.

3. Original sketch

—

Side view

Shear flow
generator

plan

_/ |
—— ————r— —— |
Contraction (a® Coatraction (b} , i




97

. Flow characteristics

The additional losses due to the contraction caused a decrease in the upstream centrelinc mean speed and mean
shear, compared to those in the undisturbed shear flow; these decreases were stronger for the larger contraction
ratio. Threugh the comraction, the centreline mean speed increased monotonically, while the mean shear decreased
1nonotonically, while remaining approximately uniform on the transverse plane. The turbulence also remained
approximately transversely homogencous.

. Flow parameters

The important parameter characterizing the effects of contraction is the ratio of the mean strain rates in the transverse
and strcamwisc directions, This ratio was approximately 0.12 for case a and 1 for case b. The turbulence structure

is characterized by the structural parameters K, = -z /upus Ky = (- 1122)/(;1—2 + ;t_g—'z) and Ky =
{u1? — uz?)/(u;? + uz?), following Townsend’s (1954) notation.

. Inflow and outflow boundary and initial conditions

At the entrance to the contraction, the mean centreline velocity was U, = 10.86ms ™! (a), or 10.31ms~! (b); the
mean shear was (dU) /dzy), = 39571 (a), or 3651 (b).

. Measurements

(8) Measurement procedures
Cross-wire anemometry was used for the measurements.
(b) Measured quantities

Mean velocity profiles and the dominant Reynolds stresses were measured at different downstream stations,
upstream and through the contractions. These resuits were used to compule the evolutions of the structural
paramieters and other dimensionless groups. Some inconsistencies have been noticed in the published plots of
the shear stress. It would be better to disregard Figure 5 of the paper.

(¢) Measurement errors

Estimated uncettainty (95% confidence level) is 2% for the mean velocity, % for the mean shear, 4% for the
normal turbulent stress and 8% for the other stresscs,

. Available variables

Centreline evolution of the mean velocity, the mean shear and the Reynolds stresses for cases a and b,

. Storage size required and present format of the data

Small ASCII files.

. Contact person

Professor K.R. Sreenivasan

Depariment of Mechanical Engincering, Yale University
New Haven, Conn. 06520, USA

tel: (203) 432 4345

fax: (203) 432 7654

e-mail: krs@kolmogorov.eng.yale.edu

. Main reference

SREENIVASAN. K.R. 1985 The cffect of contraction on a homogeneous turbulent shear flow J. Fluid Mech. 154,
187-213.
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4.

HOM27: Uniformly Sheared Flow with Uniform Curvature

Holloway & Tavoularis

. Description of the flow

Uniformly sheared turbulence was let to develop to an asympiotic. quasi-self-similar state in a rectilinear section
and then passed through a curved section with a uniform curvature on the same planc as the mean velocity gradient.

Geometry

The flow was gencrated by a shear generator/flow separator, with a uniform channel spacing, M = 25.4mm, as
in thc Tavoularis and Karnik (1989) sctup. The curved scction was inseried at a position 10.54 downstream of
the shear gencrator. When desired. the mean shear was reduced by the insertion of uniform grids upsiream of the
curved section. Two curved scctions with different radii of curvature and scveral mean shear valucs were used in
these experiments. The relative orientation of curv~ture with respect to the mean shear direction could be reversed
by inverting the shear generator.

. Original sketch
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. 0.150'6’ - 1.3741 .

All dimensions are in meters.

Flow characteristics

The boundary layers were essentially removed al the entrance to the curved seetion, where the rectilinear shear flow
had developed to its asymptotic, self-similar state, at least for the high shear cases. The wind wnnel width was
gradually increased in the curved section, to partly compensate for boundary layer growth. Reasonable uniformity
of the mean shear and transverse hamogeneity of the turbulence were observed in all cases. The curvature enhanced
or suppressed the turbulence kinetic encrgy and shear stress, compared o those in rectilinear shear flow subjecied
to the samc total strain, depending on whether the curvature paramerer S = (U 1)/ (dUJdn) was negative
("destabilized flow”, analogaus to a boundary layer over a concave wall) or positive (“stahilized flow™, analogous to
a boundary layer over a convex wall).

. Flow parameters

The upstream, straight section had a height of hy = 305 mm and a length of 3.2m. The curved sections had a
height of 240 mm and centreline radii of curvature, R, cither S (mild curvature) or 2.n (strong curvature). Ten
different combinations of mean shear and radius of curvature were generated. grouped in two sets of five cases cach,
according to the sign of the curvature parameter . The evolution of the various parameter is presented in terms of
the roral strain T ~ 1, = (/U /(dl7/dn), where s is the dgistance along the centreline of the curved seetion, and 7,
is the total strain in the siraighr section, measured from the position of insertion of the last screen.
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6. Inflow and outflow hou~ ~ -ry and initial conditions

The values of the differen. turbulent parameters upstrcam of the curved scction arc specified in the data files (T~7, <
0).

7. Measurements

LI A PR R

(a) Measurement procedures
Single- and cross-wire, hot-wire anemometry was used for all measurements.

(b) Measured quantities

Reynolds stresses, integral length scales and Taylor microscales along the centreline vs. streamwise distance
for different mean shear rates and relative crientations of the mean shear and curvature,

(c) Measurement errors

Estimated uncertainty (95% confidence level) is 2% for the mean velaocity, 5% for the mean shear, 4% for the
normal turbulent stress and 8% for the other stresscs.

8, Available variables

Turbulence kinetic cnergy, Reynolds stress anisotropics, integral Iength scales and Taylor microscales along the
centreline vs, the total strain, 7 — 7o, for different values of the curvature paramcter, S.

9. Storage size required and present format of the data
Small ASCII files.

10. Centact person

Professor Stavros Tavoularis

Departinent of Mechanical Engineering. University of Ottawa
Ottawa, Ontario, Canada KIN 6N5

tel/fax: (6]13) 562 5800 cext. G271

c-mail: tav@cng,uottawa.ca

TR LTI By
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11. Main references

HOLLOWAY, A.G.L. & TAVOULARIS, S. 1992 The effects of curvature on sheared turbulence, J. Fluid Mech. 237,
569-603.

HOLLOWAY, A.G.L. & TAVOULARIS, S. 1993 Scaling and Structure of Turbulent Eddics in Curved Sheared Flows
Turbulent Shear Flows 8 , F. Durst et al (editors), 383-401, Springer.
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HOM28: Uriformly Sheared Flow with S-Shaped Curvature

Chebbi, Helloway & Tavoularis

Description of the flow

Uniformly sheared turbulence was st 1o develop to an asymplotic, quasi-self-similar state in a rectilinear section
and then passed through an $-shaped curved section with curvature on the same plane as the mean velocity gradient,
at the end of which it relaxed in a final siraight section. The specitic aim of these experiments was 1o determine the
rate at which the turbulence structure adjusts to sudden changes in curvature.

. Geometry

The flow was generated by a shear genceratorflow separator device, with a uniform channel spacing. similar to the
Tavoularis and Karnik (1989) setup. The upstream, straight section had a height of i = 305 mm and a length of
3.19 . The curved seetions had a height of 240 and centreline radii of curvature, . = 3.5m. The relative
orientation of curvature with respect to the mean shear direction could be reversed by inverting (he shear generator,

Original sketch

203
-
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/

All dimensions are in mm.

Flow characteristics

The boundary layers were essentially removed ¢t the entrance to the curved section, where the rectilinear shear flow
had developed to its asymptotic, self-similar. The wind tunnel width was gradually increased in the curved section,
to partly compensate for boundary layer growth. The curved seclion was inserted far enough downstream of the
shear generator for the turbulence to approach its asymptotic, self-similar structure, with nearly constant Reynolds
stress anisotropics and exponentially growing stresses.  Reasonable uniformity of the mean shear and transverse
homogeneity of the wrbulence were ohserved in all cases. except in the final straight section, where the houndary
layers appear (o be influencing the core flow. The curvature enhanced or suppressed the twirbulence kinetic encrgy
and shear stress, compared (o those in rectilinear shear flow subjected 1o the same otal strain, depending on whether
the curvature parameter S = (U /R ) [{dU /dn) was negative (Cdestabilized flow”, analogous 1o a boundary layer
over a concave walll or positive ("stabilized flow™, anatogous to a boundary Tayer over a convex wall).

. Flow parameters

The incoming flow into the curved section had a curvature parameter S = 4:0.05, depending on the orientation of

the shear generator. The evolution of the various parameter is presented i terms of the dimensionless distance s/h,
where s is the distance atong the centreline of the curved section. Some resulis are presented vs. the total strain
AT = (As/U) (! /cdht), measured from the latest position of curvature change.
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6. Inflow and outflow boundary and initial conditions

The values of the different turbulent parameters at the entrance of the curved section are specified in the data iiles.

7. Measurements

{a) Measurement procedures
Single- and cross-wire, hot-wire anemometry was used for all measurements.
(b) Measured quantitics

Reynolds stresses, integral length scales and Taylor microscales along the centreline vs. streamwise distance
for the two initial relative oricntations of the mean shear and curvature.

(c) Measurement errors
Estimated uncertainty (95% confidence level) is 2% for the mean velocity, 5% for the mean shear, 4% for the
normal turbulent stress and 8% for the other stresses.
8. Available variables

Turbulence kinetic encrgy, Reynolds stress anisotropies, integral length scales and Taylor microscales along the
cenlreline vs, 5/, for the two initial relative orientations of the mean shear and curvature,

9. Storage size required and present format of the data
Relatively small ASCII files.

10. Contact person

Professor Stavros Tavoularis

Department of Mcchanical Engineering, University of Ouawa
Ottawa, Ontario, Canada KIN 6N5

tel/fax: (613) 562 5800 ext. 6271

e-mail: tav@cng.uottawa.ca

11. Main references

CHEBBI, B., HOLLOWAY, A.G.L. & TAVOULARIS, 8. 1997 The response of sheared turbulence to changes in
curvature J. Fluid Mech. (to appear).
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Data Sheets for:

Chapter 4.-Shock-wave/ grid-turbulence inter-
action
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SHWO00: Homogeneous Turbulence Interacting with a Normal Shock

Jacquin, Blin & Geffroy

. Description of the flow: Grid-generated homogencous turbulence in supersonic How interacts with a normal shock-

wave. The grid is located at the entrance of a supersonic wind tunnel of nearly constant cross section and constitutes
the sonic throat of the winnel. The position of the shock-wave is controlled by a second threat at the downstream end
of the tunnel and by boundury-layer suction at the channel wall.

Geometry: The dimensions of the wind tunnel section ure O, i x 0.12m: the mesh width of the turbulence grid is
7 mm. The shockwave is located at a distance of 0.25 m ‘i.¢. 35.7 mesh widths) downstream of the turbulence grid.

Sketch:

Flow characteristics: Homogeneous turbulence interacts with a normal shock-wave in a supersonic flow. The
wrbulent energy follows a decay law of the form ¢="** upstream ol the shock and 14! downstream. The shock-
wave does not produce any significant amplification of the urbulen! kinetic energy.

. Flow parameters: The main parameters of the flow (ahead the shock-wave) are:

* Mach number: M =14
% Stagnation pressure: p; = 0.9 bar

* Stagnation temperature: 1 = 290 K

* Turbulent kinetic energy: ¢%/2 = 101 m?/s?
* Mean velocity: U = 405 mi /s

* Relative turbulence intensity: \/q?/U = (.035
Inflow conditions: "Nominal" initial conditions at the shock position arc;

* Mach number: Af = 1.4
* pressure: p = 0,283 bar

* temperature: 7' = 208 K

* kinetic energy: ¢*/2 = 101 m*/s%,

* anisotropy: (u? — v¥)/¢? = 0.03.

dissipation rate: ¢ = 1,55 x 10° m?/s? (estimated from the variation of u? assuming isotropy),
* Taylor microscale: X = \/5ug /e = 0,44 x 1075 m,

* Kolmogorov lengthscale: 1 = (u:’/()”'I =2.0x 107%m,

* microscale Reynolds number: Rey, = \/ai]ii Alv = 1228,

Measured data:
Measurement procedure:

- Laser-Doppler Velocimetry in standard two-colour configuration with forward scattering:
ONERA device with DANTEC counters LIDSS:

- The trunsverse dimension of the probe volume is about 0.2 mm;

- Samples of 2000 instantancous values wre considered for the measurements.
Mecasured quantities:

- axial mean velocity component UV,

- transverse mean velocity component V' (negligible compared to (7),
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- variance of the fluctuating transverse velocity component 2.

Measurement errors

Estimated 1o be of the order of one percent for the mean velocities and about a few percent for the trbulence
quantities. Particle-drag bias is limited to a few millimeters immediately behind the shock-wave. Errors due to
the relatively low signal-to-noise ratio may be important in the very downstream part of the explored domain. It
is to note that a number of 2000 samples is convenient for mean velocities, but may be too small for wurbulence
measurements, even in the fpresent) case of I wurbuience intensities.

Available measurements .

0

The results are given in two tat.les, corresponding, respectively, to the shock-free flow (Table [) and to the shock-
turbulence interaction (Tabic 2). All the data ave given in physical dimensions. Euch table includes the longitudinal
position, U, V, u?, v2, and the trace of the Reynolds stress tensor, evaluated as ¢% = u? + 2v2,

The tabulated data represent average values from cleven axial explorations made at different heights (2) in the vertical
symmetry plane (y=0) of the wind tunncl, between = = =0.03 and +0.02 .

9. Sizc and present format of data: Modest size of data (two tables. ASCH format)

10. Contact person:

L. Jacquin

ONLRA

8 rue des Verlupadins

F 92190 Meudon, France
e-mail: jacquin@oncra.fr

REFERENCES
E. BLIN 1993 Etude expérimentale de interaction entre une turbulence libie et une onde de choce, These de doctorar, —
Université Paris 6.

L. JACQUIN, E, BLIN, P. GEFFROY 1993 An experiment on free turbulence/shock wive interaction, Turbulent Shear
Flows 8 (Iids. Durst et al.) Springer, pp. 229-248
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SHW01: Homogeneous turbulence interacting with a normal shock

Barre, Alemn & Bonnet

1. Description of the flow: Homogencous turbulence in supersonic flow is gencrated by means of a multi-nozzle
located at the enirance of a supersonic wind wnnel. The normal shock is created by the interaction of two oblique
shock waves through a Mach effect.

2. Geometry: The ditnensions of the wind (unnel section are 0.15:n % 0.15m; the ‘mesh widlh’ of the multinozzle
turbulence gencrator is 6 mm. The mesh width is defined as the squarc root of the ratio between the cross section of
the turbulence generator and the total number of micro-nozzles. The shock wave is located at a distance of 0.46 m
(i.c. 76.7 mesh widths) downstream of the turbulence grid.

3. Sketeh:

4. Flow characteristics: Homogencous twrbulence convected at high supersonic speed (Mach number = 3) interacts
with a normal shock-wave. The decay of the turbulent energy is chavacterized by a law of the form 7079 similar
1o that found in the ONERA experiment. The shock-wave increases (as expected) the axial velocity fluctuations, in
accordance with DNS results, and decreases the axial integral lengthscale.

5. Flow parameters: The main parameters of the flow (ahead the shock-wave) are;

* Mach number: M = 3.0

* Stagnation pressure: py = 0.9 bar

i * Stagnation temperature: 1y &= 240 &

* Turbulent kinetic encrgy: ¢2/2 = 2.02 102 /s*

* Mach number: M == 3.0

* pressure; p = 0.0246 bar

| * Mean velocity: U = 550 m/s
* Relative turbulence intensity: /q*/U = 0.004
6. Inflow conditions: "Nominal™ initial conditions at the shock position are;
!
|

* temperature; T = 86 IV

| * kinetic energy: ¢2/2 = 2.02m?/s?,

’ * anisowopy: (u® — v2)/q* =0,

' dissipation rate: ¢ = 1.91 x 10% 2 /5% (estmiated from the variation of u?# assuming isotropy),
’ * Taylor microscale: A = /Heg?Je = 0,79 x 10 i,
|

Kolmogorov lengthscale: 7 = (u“/f)l“ = 1.0 x 107 mn,

* microscale Reynolds number; ey = /q2/3A/v = 15.5
* (urbulence Mach number: v’ /a = (.006

; * longitudinal integral scale: Ly, = 3.4 x 10 % m

7. Measured data;

Measurement procedure:

Hot-wirc anemometry and Laser-Doppler velocimetry have been used:

Hot-wire anemometry: DANTEC 55M 10 constant-temperature anemotneter with 5SM12 bridge; DANTEC 55P11
probes cquipped with 2.5 g wires (bandwitly < 300 kH2).

Laser-Doppler velocimetry: Two-colour configuration with forward scattering; data processing with Acrometrics
- DSA system.
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'
A - axial mean velocity component U/,
{ - transverse mean velocity component V- {ncgligible compare 1 to 1),
3 - variance of the fluctuating axial velocity component u?,
- variance of the fluctuating transverse velocity component ¥, B
- spectra of hot-wire signals (representing mass flux fluctuations), )
o - lengthscales Ly, (= Ly ) deduced fram autocorrelations of the hot-wire signal.
.
. Measurcment errors:
[ Hot-wire measurements: Estimated to he of the order of one percent for the mean velocitics and about a few per-
cent for the turbulence quantitics, B
" LDV measurements: Estimated to be of the order of 10 percent. Errors due to particle drag arc estimated o be L
‘ negligeable downstream of 4 min behind the shock.
Lo 8. Available measurements:
Data are given both for shock-free flow and shock/turbulence interaction:
For the shock-free case: U, w2/U2, the longiludinal integral scale Ly, the ratio u? /v, representing the anisotropy,
? and the correlation coeflicient Ry, = w8/ Vu® vZ, as a function of the longitudinal distance from the grid:
K Tor the case with shock: U, V', u?, 12, L, skewness and flatess factors for the Jongiudinal velocity, and the ace
L of the Reynolds stress tensor, evaluated as ¢* = u? + 202, as a function of the distance from the shock,
¥ Hol-wire spectra measured upstream and downstream of the shock are also given.
. 9. Size and present format of data: Modest size ASCII file,
2
: 10. Contact person:
4 p—
z S. Barre
a k : 17 AP
& LEA/CEAI
! ' 1 43 rue de ' Adrodrome .
A I B6OOD Poitiers, France :
. c-mail: barre @univ-poiticrs.fr
: REFERENCES
w : D. ALEM 1995 Analyse expérimentale d'une turbulence homogtne en écoufement supersenique sowmise v un choe droit.
Thése de doctorat, Université de Poitiers. )
% . S, BARRE, . ALEM, 1IN BONNET 1996 Experimental study of normal shock/homogencous turbulence interaction, AJAA
J. 34,968-974
b n
¥
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PCHO0: Fully Developed Turbulent Pipe Flow Simulation

Loulou, Moser, Mansour & Cantwell

. Description of the flow: The flow is a numerically simulated, pressure-gradient driven fully-turbulent, statistically

stationary pipe flow.

. Geometry: The flow is in a smooth cylindrical pipe with a uniform pressure gradient. The domain is formally

infinite in the streamwise direction, though only a finite domain is simulated (sce §7).

. Sketch: None needed

. Flow characteristics: Fully developed pipe flow exhibits the usual characteristics of wall-bounded turbulent flows.

However, the Reynolds number in this case is low enough to produce low-Reynolds number effects. For example,
turbutent kinetic energy production does not equal dissipation anywherc in the flow.

. Flow paran.eters: Various measures of the flow Reynolds number aic Re, = 5600, Re. = 7248, Re, = 380

and C; = 9.16 x 1073, Reynolds numbers are based on bulk velocity, centreline velocity and friction velocity
respectively, and the diameter.

. Numerical methods and resolution: The numcrical method uses Fourier expansions to represent the azimuthal and

strcamwise directions. Nzar-spectral resolution is achieved using b-spline (basis-spline) polynomials in the radial
dircction. The computation is carried out on a grid of 72 x 160 x 192 (radial, azimuthal and axial) modes for a
total 0" 2.2 million Fouricr/b-spline modes with quartic b-splines. A non-uniform grid is used in the radial direction
bascd on an exponential function. The first point away from the wall is at ! = 0.39 while near the center of the
pipe Art = 5.7. A finer grid is used very close 1o the eentre of the pipe where regularity conditions are imposed.
See Loulou ef af (1997) for details.

. Boundary and initial conditions: The pipe walls are treated as no-slip boundaries. The no-slip condition is imposed

exactly on the b-spline expansion. In the streamwise direction, the domain is truncated to a finite size and periodic
toundary conditions are imposed. The length of the computational domain is 3. Since the flow is statistically
stationary and has periodic boundary conditions in the streamwise direction, the initial conditions are irrelevant, and
there is no need for inlet conditions.

. Averaging procedures and uncertainties: Turbulence statistics are obtained by using 46 different fields approxi-

mately equispaced in time and averaged over a period of 43 tme units (D/U}). Statistical stcady state is assumed
1o have been reached when the total shear stress reaches a lincar function of radius to within a mean deviation of
0.5%. Comparisons with single-point statistics arc, on the whole, excellent with the exception of higher moments
of the radial velocity near the wall where some discrepancies between simulations and experiment are observed.
See Loulou et al (1997) for extensive vomparisons 1o experimental data (Eggels ef al, 1994, Weslerweel er al, 1997,
Durst et al1995) and other computations (Eggels ef al, 1994, Kim er al. 1987).

Correlations of the velocily show that velocity fluctuations remain slightly correlated for large streamwise separa-
tions suggesting that the domain length of 50 may be oo simall to permit adequate comparisons with experiments
carried out in much Jonger pipes. Hewever, this uncertainty witl not affect comparisons to LES simulations if the
same domain size is used.

. Available variables: The following data are available: 1) Mean velocity, vorticity and pressure, 2) Reynolds shear

stress, 3) Skewness and Flatness, 4) Reynolds stress, kinetic energy and dissipation budgets, S) Strcamwise and
azimuthal velocity spectra of all three components, 6) Streamwisc and azimuthal vorticily spectra of all three com-
ponents,

Storage size and data format: Format is ASCII, requiring approximately 1 MB of total storage.

. Contact person:

Brian Cantwell

271 Durand, Stanford University, Stanford, CA 94305, USA
Phone: (415)-723-482.,

Fax: (415)-725-3377

E-mail" cantwell@leland.stanford.edu
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PCHO1: Turbulent Pipe Flow Experiments

Durst, Jovanovic & Sender

i. Description of the flow: This casc is a fully developed turbulent pipe flow at low to moderate Reynolds number, k¥
2. Geometry: The flow is in a smooth cylindrical pipe with L/ D = 80,

3. Sketch: None needed

4. Flow characteristics: Fully developed, smooth wall, turbulent pipe flow is generated in an 80 diameter long pipe.
Although the L/ D is marginal for attaining a fully developed Bow, the required development distance is reduced
somewhat by the use of a wip at the pipe entrance. The assumption of fully developed flow is not as well established :
for this case as for the other pipe flow cases. s

5. Flow parameters: In this case, Rep = 7442, 13500 and 20.800. For Re, = 7442, we get e, = 500 and .
¢y =9.03 x 10™%, Rey, and Re, are based on diameter and bulk and friction velocities respectively. t
6. Inflow, outflow, boundary and initial conditions: The flow is tripped at the pipe entrance. A screw conveyer
pump, which generates very low flow rate pulsations, is used in suction mode to draw fluid through the test section,

7. Measurement procedures: The mieasurements were carricd out using Lascer Doppler Anemometry applicd to a
50mm diameter glass pipe mounted in a rectangular viewing box. The pipe and viewing box are tilled with a working

fluid composed of a mixture of Diesel oils whaose index of refraction is matched to the pipe. The temperature of the '

working Huid is controlled by heating and cooling units instalied in the upstream and downstream settling chambers oY
of the test rig. 'The measuring volume was measured to be 70 microns in diameter and 250 microns in length, The .
data is corrected for bias due to the {inite size of the measuring volume. Strategies are used (o minimize errors due |
to measuring angle misalignment and electronic noise resulling in accurate mean veloeity data down to y* = 0.5 at ,’

Rey, = 7442, See Durst er al(1995) for details,

The time interval between samples was set clese to the integral time seale, D/U, and a sample size of 40,000 was )
used giving a relatively low statistical uncertainty. Lstimated crrors are: mean < 0.28%, wrbulent intensities < 1%, oo
fatness < 2.3%. It may be that the potential lack of fully developed flow resul(s in larger uncertaintics than these. !

8. Available variables: The following dala are availuble: mean, rin.s., skewness and flatness of all three velocity
components,

9. Storage size and datavormat: The datais in ASCI format and comprises less than 1 Mb of storage.
1(. Contact person: Franz Durst

Lehrstuhl fur Strdmungsmechanik, Universitiit Erlangen-Nirnberg

Caucrstrasse 4, D-91058 Erlangen, Germany

REFERENCES

DURST, F., JOVANOVIC. I. & SENDER, J. 1995 LDA measurcments in the near-wall region ol a turbulent pipe flow. J. .
Fluid Mech. 295, 305-335.
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PCHO2: Turbulent Pipe Flow Experiments

Perry, Henbest & Chong

1. Description of the flow: This casc is a fully developed incompressible turhulent pipe flow, both smooth and rough
wall data arc included.

2. Geometry:

The apparatus consists of a long cylindrical pipe fited with an upstream axisymmetric setiling chamber and 27:1
contraction. The settling chamber consists of honeycomb flow straighteners and 4 screens.

Smooth Pipe: Precision-drawn brass tubing with an internal diameter of 6.099 me, and alength of 41,17 1. Measur-
ing station: L/D = 398.5. Static pressure locations: L/D = 49.2, 1089, 170.5,231.1, 291.7, 352.3. The smooth
wall flow was tripped using a sandpaper strip, 50 grit and 15 en long.

Rough Pipe: "k-type” roughness (0.25 mim height, 2.5 nan cell size, woven fabric wedding vale glued to the
inside of the pipe). Internal Diameter, 0.101 mn; length, 41.14 s measuring station, L/D = 390.7; static pressure
locations, L/ D = 46.1, 50.3. 176.8, 206,5. 226.5. 285.7, 345.1. Static pressure probes were used, rather than taps,
2.0 nun diameter hypodermic tubing 20 nomn off the wall.

w

Sketeh: None needed

b

Flow characteristics: Both smooth and rough wall cases are fully developed.

5. Flow parameters: In the smooth wall pipe, data is available at Revnolds numbers Re,. = 75,000, 100,000, 125.000, :
150,000, 175,000. 200,000 which is Jte, = 1610, 2080, 2550, 3010, 3420, 3400, respectively. B
In the rough wall case, the same centreline Reynolds numbers are avaitable, which correspond to Re, = 1670, 2380,
2920, 3515, 4140, 4710, respectively. Reynolds numbers are based on ceatreline or friction velacities and diameter.

6. Inflow, outflow, boundary and initia) conditions: The apparatus consisis of a long cylindrical pipe fitted with an
upstream axisynincelric settling chamber and 27:1 contraction, The settling chamber consists of honeycomb flow
straighteners and 4 screens, The smooth wall flow was tripped using a sandpaper strip (50 grit, 15 cm long), Flow
in the pipe exits into a centrifugal fan, The pipe is expected to be fully developed at the measurement stalion,

7. Measurement procedures: All measurements were taken at approximately 400 diameters from the pipe entiance. I
Mean flow profiles were imeasured with pitot-static tubes, Piessure drop was measured along the pipe using static
taps. Results were corrreted for small density changes along the pipe due (o compressibibty clfects. Wall Triction
was inferred from the pressure drop measurements. Turbulence measurements and spectra were measured using
cross-wires, Hol-wires were calibrated using a dynamic calibration system giving very accurate turbulence intensity

measurenients. B
For the rough wall pipe, pressure drop was measured using a static pressure probe protruded 20 oo from the wall. A S
normal wire (DISA normal boundary layer probe, type S5P05) was also used in addition to an in-house-built X-wire. -

The pressure drop and Pitot-static tube mean Now data were monitored using a Datametric Barocell pressure trans-
ducer (model 1014A), the output voltage of which was integrated on an BAI'FR-20 analogue computer, The pressure
drop data was sampled for atJeast 15 seconds. For mean flow, 3 samples of 15 second data were ensemble averaged.
The accuracy of mean flow measurcments and wall shear-stress is estimated to be within 0.5% .

B [

All hot-wire signals were processed on line using a TR-20 analogue computer together with a DEC PDP 11710
digital computer (12 bit resolution). Reynalds stress data was averaged [rom 8 bursts of 8000 data point: sampled
at 200 Hz. The aceuracy of dynamically calibrated Reynolds stresses is estimated to be within 2,56 .

The traversing mechanism was accurate to within 0.05 min. See Henhest (1983) and Perry er al( 1986) for details.
8. Available variables: Mean strecamwise velocity and skin friction. A
9. Storage size and data format: The data is in ASCI format and requires approximately 100 Kb of storage.
10. Contact person: o
Anthony E. Perry

Department of Mechanical and Manufacturing Engineering The University of Melhourne .
Patkville, Victoria, 3052, Australia. R




REFERENCES
HENBEST, . M. 1983 PhD thesis, University of Melbourne.

PERRY, A. L., HENBEST, 8. M. & CHONG, M. S. 1986 A theoretical and experimental study of wall turbulence. J. Fluid
Mech. 165, 163-199.




PCHO03: Turbulent Pipe Flow Experiment

den Toonder & Nieuwstadt

. Description of the flow: This case is a fully developed wrbulent flow in a smooth cireular pipe at moderate Reynolds
number.

. Geometry: The geometry is a cylindrical pipe with a diameter of 4 emvand a total length of 3d m (L/ D == 850).
. Sketch: None needed.

. Flow characteristics: Fully developed turbulent pipe fiow exhibits all the usual features of wall-bounded turbulent
flows.

. Flow parameters: The working fluid is water at a temperature T = 16.6C. (p = 998.9kp/m®* and v = 1.09 x
107 %m? /see). The Reynolds number is Key = 24,580 and e, = 1382 (based on diameter and bulk or friction
velocities respectively).

. Inflow, outflow, boundary and initial conditions: The flow is tipped at the pipe entry. All experimental data are
taken at a position where the flow can be considered fully developed.

Moeasurement procedures: Measurcments were carried out using a two-component laser Doppler ancmometer. The
authors suggest using a wall position carreetion of &r = -2.92 x 10 * 11 with the uncorrected data provided.
The sampling frequency was 60 Hz and measuring time per position: 300 5. Henee, typically TRO0 samples per
position were tuken, fewer close to the wall,

Uncertainties were computed in a standard way per position and are included in the data file. Relative ervors are
approximately 0.4% for the mean velocity and 19 {or the rm.s. velocity,

See den Toonder (1995) for more details,

Available variables: Axiol and radial components of mean and rans. velacity, skewness and flatness, trbulent
shear shiess 7p = wet, viscous shear stess 7 = - dl'} fde b, and non-dimensionalized produetion of turbulent
enerpy P, = —7dU ) Jedr® are all provided as a function of bath 1t and #/12; as are the relative statistical errors
in the mean, rm.s. velocities, flangeless, and 7.

. Storage size and data format: Data is in ASCI format, requiring appraximately 100 KB of storage.

. Contact person:
Pr Jaap ML den Toonder
Philips Research Laboratories
Prof, Holstlwan 4, 5656 AA Eindhoven, The Netherlands
Phone. +31-40-2742 RS
Fax: +31-40-2744288
e-mail: toonder @natiab.research.phihps.com

REFERENCES
DEN TOONDER, J. M. 1. 1995 Drag reduction by palviner additives in a turbudent pipe flow: laboratory and numerical
results. Ph. D, thesis, Dellv University of Technolopy.
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PCHO4: Turbulent Pipe Flow Experimcnts (Superpipe)

Zagarola & Smite

1. Description of the flow: This case is a fully developed wrbulent pipe flow with Reynolds number varying hy 3
orders ol magnitude,

2. Geometry: The experiments are carried oul in a cylindrical aluminium pipe with a diameter of 12.7 cm and a total
length of 2603.27 emi (4D = 2058} The wall is polished smooth over its full length to a roughness measure of
approximately 0.15 micron rms,

d

. Sketch: None needed.

4. Flow characteristics: Fully developed pipe flow exhibits the usual features of wall-bounded turbulent flows.

“h

. Flow parameters: The experiments were performed in a test pipe enclosed within a pressure vessel, The working
fluid is air at pressures ranging from 1 to 189 atiospheres. Test Reynolds numbers range from ey = 31, 500 to
35,259,000 (Re, = 1700 10 10%). Reynolds numbers based on diameter and bulk velacity (or friction velocity)
Detailed pas property and mean flow parameter information is provided with cach velocity profile,

6. Infiow, outflow, boundary and initial conditions: The flow at the pipe entry s free of swirl and has a relatively
high arbulence level, This insures fully developed flow at the measuring stations in the absence ol an entry trip.

7. Measurement procedures: Both the flow rate and gas density were varied to achieve the set of test Reynolds

numbers. Gas lemperatures vemained ¢lose to ainbient, Mean veloeity profiles were measured by traversing a
0.9 mm diameter Pitot tube across 75% of the pipe. Static pressure measurements were taken at twenty 0.8
dinmeter wall wps cqually spaced over a 25 diameter long section between the secondary measuring station at
2072.67 e and the primary measuring station at 2532.56 ¢in. The test air was filtered and dried to produce a water
content of approximately 14 ppm. With the whole system under pressure, the flow through the pipe was penerated
using a vertical webine pump driven by a variable speed motor,
Typical sampling rates for the Pitot tube were at 500 samples/see with sampling periods of approximately 30 sec.
The tabulated data is not correcled Tor the effects of probe displacement although several correction methods are
discussed in Zagaroli (1990). A complete uncertainty analysis is also given in Zagarola (1990). The uncertainty
in the mean velovity 1s estimated to be 0.3%. "The uncertainty in the friction factor is estimated at 1.1%. Tor more
details see Zagarola (1996) and Zagarola & Smits (1997).

8. Available variables: The duta consists of a set of mean velogity profiles at 26 Reynolds numbers, Header informa-
tion for each profile includes gas properties, friction velocily and compressibility factor.

9. Storage size and data format: Data is in ASCII files, requiring approximately 130 Kb of storage.

10,

Contact person: Prof, Alexander J. Smils

Dircctor, Gasdynamics Laboratory, Depuartiient of Mechanical and Acrospace Engineering
Princeton University, Princeton, NJ 08544, USA

Tel: (6095 258 5117; Fax: (609) 258 2276

E-mail: asmits @ puce.princeton.edu

hip//www.princeton.edu/ gasdyn/People/Lex. Smits.huml

REFERENCES
ZAGAROLA, M. 1996 Mean-flow scaling of turbulent pipe flow. Ph. D, thesis, Depariment of Acrospace and Mechanical
LEngineering, Princeton University, Reference number 2053-T.

ZAGAROLA, M. V. & SMITS, AL T, 1997 Experiments in high Reynolds number turbulent pipe low, Phivs. Rev. Lert. 78,
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10.

PCHO5: Rotating Turbulent Pipe Flow Simulation

Orlandi & Fatica

Description of the flow: The flow is a direct simulation at fow Reynolds number of smooth wall pipe flow with the
pipe rotating about its centreline axis.

seotaetry: The fow is in a smooth cylindrical pipe with a unifonm pressure gradient. The domain is formally
infinite in the streamwise direction, though only a finite domain is simutated (see §7)

. Sketch: Nonce needed.

. Flow characteristics: Fully developed pipe flow exhibits the usual features of wall-bounded turbulence. When

the pipe rotates a drag reduction is achieved and for high rotation rates the mean streamwise velocity tends to the
parabaolic laminar Poiseulle profile.

. Flow parameters: The Reynolds number is 2oy, = 4900 and data for four rotation numbers are provided, Jto, = 0

0.5, tand 2, where Do, = DS U,

Numerical methods and vesolution: The N-S equations, in primitive variables and in eylindrical coordinates, are
solved by a second-order finite difference method on a stageered prid. For the details of the numerical method see
Verzicco & Orlandi (1996) The resolution used is 128 x 96 % 257 points (in the azimuthal, radial and axial direction)
for a pipe of length [, = 7.6D.

. Boundary and initial conditions: The pipe walls are treated as no-slip boundaries. In the streamwise direction, the

domain is runcated 1o a finite size and periodic boundary conditions we imposed. The Jength of the computational
domain is 7.50),

Since the flow is statistically stationary and has periodic boundary conditions in the streamwise direction, the initial
conditions are irrelevant, and there is no meed for inlet conditions,

. Averaging procedures and resulting uncertainties: Averaging is performed once the mean prolile reaches a

steady-state. Averages are done as a post-processing procedure on fields separated by a At = 2D/0/, dimen-
sionless time units. For N=0, 28 ficlds are sufficient. For N-.2 the number of ficlds increases up to 65, The physical
reasons {or a larger number of fields is related to the elongated helical structures in the central region of the pipe.

. Available variables: Mean axial, radial, tangential velocitics and pressure. Turbulent statistics profiles, such as
second order one-point velocity and vorticity correlations, skewness, (latness, ensirophy, helicity and Lumb vector

componcnts.

Storage size and data format: Datais in ASCIH format requiring approximately 1Mb of storage.

. Contact person: Prof, Paolo Orlandi

Dip. Meceanica ¢ Acronautica, Univ. di Roma “La Sapienza”
c-mails orlandi @oriandisun.ing.uniromat it

REFERENCES
ORLANBDE P 1997 Heliciy fluctuations and turbulent energy production in rotating and non-vatating pipes, Phys Fluids 9,
To appear.

ORLANDIL, P, & FATICA, M. 1997 Ditect simuliation of a turbulent pipe rotating along the axis. J. Fluid Mech. 343,43 72

VERZICCO & ORLANDI, P 1996 A limle-difference scheme for three-dimensional incompressible flows in eylindrical
coordinates, J. Comp. Phys. 123,402
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PCH10: Fully Developed Turbulent Channel Flow Simulations

Mansour, Moser & Kim

. Desceription of the flow: The flow is a numerically simulated, pressure-gradient driven. fully-turbulent, statistically

stationary channel flow.

. Geometry: The channel flow is the flow between two parallel walls separated by a distance 24, It is driven by a

uniform streamwise pressure-gradient, which is varied in time to maintain a constant mass flux. The streamwise and
spanwise directions are formally infinie, though only a finite domain is simulated (see §7).

Sketch: None needed,

. Flow characteristics: The flows exhibit all the usual characteristics of wall bounded turbulent flows. The Reynolds

numbers are sulficiently high for a small region to exist where the production and dissipation rate of turbulent kinetic
energy are almost equal,

Flow pavameters: "The only relevant parameter in this flow is the Reynolds nomber. In the two cases, Rer = 395
and 590 (e, = G875 and 10935), where the Reynolds numbers are based on hall-width and friction (or bulk)
velocity, The lower Reynolds nunber case (e, = 395) was computed by Kim (1990, unpublished). The data
were used in Rodi & Mansour (1993), and are reported along with the high Reynolds number (Ife, = 590) data in
Mansour et al. (1997,

Numerical methods and resolution: ‘The direct numerical simultions were performed using the spectral numerical
method of Kim, Moin & Moser (1987). The method makes use of Fourier expansions in the streamwise and spanwise
divections and 4 Chebyebey representation in the wall-normal direction. ‘The incompressible Navier-Stokes equations
are formulated using a toroidal/poloidal decomposition. in which the pressure is elimmated and mcompressibility is
imposed exactly. See Kim e af (1987) for details, .

The number of Fourier/Chebychev modes used in each simulation are shown in table 1, along with the resulting
streamwise and spanwise grid spacing in plus units (the Nyquist grid spacing associated with the highest wavenum-
ber Fourier mode). Also shown in table 1 s the equivalent grid spacing (an effective Nyquist spacing) in the y
direction at the cenwe ol the channel. An estimate of the y vesolution as a function of y location is given by
Aptu) = Ay /T 4% where y goes from 1 at one wall to 1 at the atlier.

Boundary and initial conditions: The two watls of the channel are treated as no slip boundaries. The no-slip
condition is imposed exactly on the Chebychev expansion, Tn the stecamwise and spanwise directions the domuin is
truncated to a finite size and periodic boundary conditions are imposed. The domain sizes are shown in table 1,

Since the flow is statistically stationary and has periodic boundary conditons in the streaunwise direction, the mitial
conditions are irrelevant, and there is no need for inlet conditions,

Averaging procedures and resulting uncertainties: All the data provided from these simulations are obtained by
computing the appropriate quantities from the simulated veloaity fields and averaging in the homaogeneous spatial
directions » and = and time. The averages in time are taken over approximately 50 widely spaced velocity fields in
cach case.

There are three potential sources of uncertainties in this data. Tirst is the numerical discretication errors introduced
in the numerical simulations. These uncertainties should be negligible. The second uncertainty is statistical, which
arises from computing the averages over a finite domain siz¢ and a finnte tume. An estimate of the magnitude of
this ¢rror can be obtained by realizing that the ideal profiles will be either even or odd m gy, depending on the
quantty. Departure from this ideal behaviour provides an estimate of the ervor. In particalar, if the profite ol a
quantity ¢ should be even dfur example), then the magnitude of the odd part ((g(y) = q(—y))/2) relative 10 the even
part (g Q) + g /2 s an estimate of the relative errar due to Timited statistical sampling. Such estimates can
be computed Tiom the data provided. The third source of errors is due o the finite domain size ol the numencal
stmulation, though the domain sizes were seleeted o ensure that this uncertainty s small. This s an error only il
one Lakes the view that the simulations are a model for an ideal Qow in a sticamwise and spanwise infinite doman,
However, i an LES is done in the same domain with the same peniodie boundary conditions, than i compinson can
be made withont enor due to the domain size.
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Re, L. Lo NexN,xNe Art Al Ay

395 276 wd 236 x 1903 x 192 100 65 6.5
590 2r6  md 38 x 25T x 381 97 4.8 7.2

Table 1: Simulation parameters for the two channel direct numerical simulations. The Reynolds nomber Hey is based on
the friction velocity i, and .

9. Available variables: For hoth cases, profiles of the mean velocity £ (y). the velocity varian es (u?, 0%, w?), and
Reynolds stress % as well as dissipation (). In addition, the triple velocity correlations appearing in the Reynolds
stress halance equations are provided. Furthermore, streamwise and spanwise one-diimensional spectraof the three
velocity components are provided at several y locations. Note that all of these data are computed from unliliercd
velocity ficlds, so care must be exercised when comparing these dat directly to LES results. In addiiion, higher
order moments such as tripple corvelations are more sensitive to finite statistical samples, so the uncertainties in
these guantities are targer. Finally, the small separation velocity-velocity two-point correlation required to compute
filtered versions of the second order sttistical profiles as deseribed in Chapter 3 in the database document are
provided.

10. Storage size and data format: There are four profile files containing mean veloeity, velacity variance dissipation
and triple correlation data in ASCII (270 Kb). In addition, there is a hinary file containing the small-separation
two-point correelations needed to compute filtered quantities. Total dawa size: 23 Mbytes,

—

Contuct person:

Nagi N. Mansour

NASA Ames-Research Center, Moffett Field, CA 94035, USA
Phone: (415)-604-6420

E-mail: nmansour@maibian ar agov

or

Robert . Muser

Dept. Theoretical and Applicd Mechanies, University of illinois
104 S. Wright St Urbana, IL 61801 USA

Phone: (217)-244-77728

Li-mail: -moser @uiuc.edu

REFERENCES
Kim, J.. MoiN, I & MoskER, R, D. 1987 Turbulence statistics in fully developed channet flow at Jow Reynolds number,
Jluid Mech. 177, 133 -166.

MANSOUR, N. N., MOSER, R. 1), & Kinm, J. 1997 Reynolds pumber effecis in tow Reynolds number wrbulent channels,
in preparation.

RODE, W, & MANSOUR, N. N, 1993 Low Reynolds number A-¢ modeling with the aid of diveet simalation dita, J. Fudd
Mech, 250, 509,
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PCH11: Fully Developed Turbulent Channel Flow Experiment

Nicderschulte, Adrian & Hanratty

. Description of the flow: The flow is a fully developed turbulent flow in rectangular channel.

. Geometry: The channel is rectangular with aspect ratio 12:1 (24 inches by 2 inches), The measurement station was

located 3946 (394 inches) down stream of the channel inlet and trip. and in the centre of the span of the channel, see
Nicderschulte (1988) and Niederschulie, Adrian & Hanratty (1990) lor details.

. Sketch: Nonc necded.
. Flow characteristics: The flow exhibits all the usual chargcteristics of wall bounded turbulent flows,

. Flow parameters: The only relevant parameter in this flow is the Reynolds number, which is Rey, = 18,339 or

Repr = 921, The working fluid is water at 25°C,

Inflow, outflow, boundary and initial conditions: The top and side walls of the channel are rigid and conform
1o the design dimensions o within 0.01%. The boundary tayers at the inlet of the channel are tripped, and the
development length ol 3946 is sutticiently long for the channel to e fully developed.

Mcasurement procedures: The velocity was measured using a 2-component LDV system with a measuring volume
that is 35 microns in diameter and 300 microns long. The conliguration was designed 1o permit aceurnte measure-
ment of the velocity profile near the wall, without correction for the size of the measurement volume, Water in the
chunnel was filiered and sceded with 0.5 micron partizles such that there would be an insignilicant probability of
more than one particle appearing in the measurement voluie, while stll providing a near continuous signal. The
data were taken with a very high sample rae (500 112) to climinate all questions ol velocity biasing associated with
low data density in LDV measurements. Sce Niederschulte (1988) and Niedersehulie er al(1990) for further details
of the mieasurement procedures.

In the near-wall region (< 20) (here is an apparent increase in the rms velocity due to noise caused by optical
flare from the wall. Data below yt = 20 should not be considered valid.

- Availuble variables: The streamwise and cross stream velocities were measured, Mean, rnns, velocity, Reynolds

stress and skewness and (latness protiles at selected y locations are included,

. Storage size and data format: There is a single ASCII data fite containing the profile data. Total data size: Skb.

. Contact persom: Prof. Ron Adrian

Dept. Theoretical and Applicd Mechamics, University of THinois
(04 S, Wright St., Urbana, 11, 61801 USA '
Phone: (217)-333-1793

Fi-mail: r-adrian@uiue.cdu

REFERENCES
NIEDERSCHULTE. M. AL ADRIAN, R, J. & HANRATTY, T, J. 1990 Measurements of turbulent flow in a channel at low
Reynolds number. Exp. in Fluids 9, 222 -230.

NIEDERSCHULTE, M. AL V98K Turbident Flow Through a Rectangular Channel. Ph. D, thesis, Department of Chemical
Engincering, University of Hhinois at Urbana-Champaign.
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PCH12: Fully Developed Turbulent Channel Flow Experiments

Wei & Willmarth

1. Description of the flow: The flow is a fully developed tarbulent flow in rectangular chanuel.

L)

Geometry: The channel is rectangular with aspect ratio 11.9:1 (3048 cin by 2.572 cm). The measurement station
was located 1738 down stream of the channel inlet, and in the centre of the span of the channel, see Wei & Willmarth
(1989) for details,

Sketch: None needed.

Flow characteristics: The fow exhibits all the usuad characteristicos of wall bounded wrbulent flows,

. Flow parameters: The only relevant parameter in this flow is the Reynolds numbcer. which for the three cases

6.

included here is Reo. = 14014, 22776 and 39580, R, = 131145, 20197 and 35353, or e, = TOR, 1017 and 1655,
Reynolds numbers are based on half-width (&) and centreline, bulk or friction velocities respectively, The working
fluid is water.

Inflow, outflow, boundary and initial conditions: The top and side walls of the channel are rigid and conform (o
the design dimensions (o within 0.25%, and the development length was 1738 from the channel inlet. This should
be sufticiently long for the channel to be fully developed.

Measurement procedures: Velocities were measured using a high spatial and temporal resolution two colour, two
component LDA Wei & Willmarth (1989). The LLDA incasurement voltime was formed by crossing four laser beams,
two green and two blue, within @ S0 micrometer dinmeter sphere. This translates (o o spatial resolutions of 2,76,
3.94, and 6.43 viscous unils for the hiee Reynolds numbers, respectively. The flow was seeded using 3 micromeier
diameter Gtanium dioxide particles. Statistically long, time resolved data records were aken ata number of distances
from the wall for cach Reynolds number.

The LDA data rates were sufficiently high to provide smooth, e reselved velocity measurements, which enabled
the computation of fuctuating velocity specira, This also elimmates the possibility of velocity biasing due to low
data rates. For all Reynolds numbers, the highest data rates were obtained between ! = 18 and 3! & 500, Dala
rates tended to be uniformly high throaughout this region. The lowese data rates occurred very close to the wall and
at the channel centreline. Data was not taken with data rates Jess than 300 Hezo A all thiee Reynolds numbers, the
two ' measurements closest o the wall appear 1o be affected by Jow datacraze o The two elusest daa points 1o the
wali are thus less reliable than the rest of the data

. Available variables: The streamwise and cross stream velocities were measured. Mean. sms velocity and Reynolds

9.

10.

stress profiles are included.

Storage size and data format: Theve are three ASCH data files containing the profile data Tor the three Reynolds
numbers. Total datasize: 14kb.

Contact person: Prol. Timaothy Wei

Dept. Mechanical and Acronautical Engineering, Rutgers University
PO Box 909, Piscataway NI, USA

Phone: (V08)-445-271%

twei@joveautgers.edu

REFERENCES
WEL T, & WinLMarti, W, W 1989 Reynolds number effects en the stroctore of a turbuiens channel flow. S, Fluidd
Meeh, 204, 57-95,
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PCH13: High Reynolds Number Channel Flow Experiment

Comte-Bellot

1. Description of the flow: The flow is a fully developed turhulent flow in rectangular channel.

2. Geometry: The channel is rectangular with aspect ratio 13.3:1 (2.4 m by 18 ¢m). The mcasurcment station was
located 1228 down stream of the channel inlet, and in the centre of the span of the channel. see Comte-Beliot (1965)
for details,

3. Sketch: None needed,
4. Flow characteristics: The flow exhibits all the usual characteristics of wall bounded turbulent flows.

5. Flow parameters: The only relevant parameter in this flow is the Reynolds number, which for the three cases
included herc is Rey = 57000, 120000 and 230000, or Iie, = 2340, 4800 and 8160, Reynolds numbers are based
on half-width (8) and bulk or friction velocities respectively. The working fluid is air.

6. Inflow, outflow, boundary and initial conditions: The top and side walls of the channel are rigid and conform to
the design width 0.1 mm, and the development length was 1224 from the channel inlel.

7. Measurement procedures: Mean velocity measurements were made with pito probes exeept very close to the wall
(less than 3 mm). Constant current X-wire angmometers with analog linearization were used 1o measure second
order moments. The lincarization makes higher order moments suspect, so they are not included. The wire lengths
are 3mm and the wires were 2 mm apart, The wire length is thus between 78 and 270 wall units, which is rather large,
especially near the wall. For this reason, near-wall data in not included. Comite-Bellot estimates the uncertainties
in the mean velocities away from the wall to be approximately 1%, and 6% for the velocity variance away from the
wall. See Comte-Bellot (1965) for more details.

8. Available variables: The streamwise,cross stream and spanwise velocities were measured. Mean, rms velocity and
Reynolds stress profiles are included.

9. Storage size and data format: There are nine ASCII data files containing the profile data for the three Reynolds
numbers. Total data size: 14kb.

10. Contact person: Prof. Genevieve Comte-Bellot
Ecole Centrale de Lyon
36 Avenue Guy de Collongue
BP 163-69131 Ecully Cedex, France
Phone:334 72 18 6010
geb@selene.meceaflu.ce-lyon. fr

REFERENCES

COoMTE-BELLOT. G, 1965 Ecoulement turbulent entre deux parois paralleles. Publicatior . Scieniifigues et Techniques du
Ministere de 1"Air no. 419,
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PCH20: Fully Developed .  ating Channel Flow

Johnston, Halleen & Lezius

. Description of the flow: A smoll water channel was rotated at a constant rate about an axis perpendicular to the

flow direction to generate a Coriolis effect on the channel flow, The resulting asymmetry in the flow was explored,
including the effects on the wivhulen-e.

. Geometry: Water was pumped through a channel rotating about an axis parallel to the mean (iransverse) vorticity

in the channel fow. The channel was L3 m fong. .04 mvhigh and 0.28 m wide. Measurements were performed in a
region 106 long.

. Sketch: Nore needed.

. Flow characteristics: On the centreline, mean velocity measurements. at zero rotation, indicate the flow to be fully

developed. Howaver, computed values of the mixing lenpth indicated the flow was still developing, Existence of a
two-dimensional region, frec of the influence of the side walls, was verified. Rotation acts to suppress wrbulence on
onc side of the channel and enhance it on the other.

. Flow paramcters: Tests were performed for a range of Reynolds and Rotation numbers, and data is available at

Rey, = 5300 Ro <£0.21
IRey = 17,500 o < 0.081

where Rey, is the Reynokds. number based an half-width and bulk velocity, and 17, = 25§2/L7 is the rotation number.

. Inflow, outflow, houndary and initial conditions: The flow entered the channel from a plenum with flow straight-

encrs. Mean velncity measurements with no rotation indicated fully developed channel llow at the measurcment
region S8 and G8 channel widths from the 2ntrance. However, mixing length profiles indicated that the flow was not
quite fully developed. The outflow. beyond the measurement region. was through a perforated plate across which
the pressure drop was used (o calculate the flow rate.

. Measurement procedures: Mean velocity profiles were measured by pressure probes using a special iterative

procedure to deduce the velocity. Flow visualization was employed to infer the state of the flow and the near wall
turbulent structure.

Velocity profiles are available for two combinations of Reynolds number and rotation rate:
(a) Mcasured quantities:
Mean primary flow velocity, [y
Local wall shear stress, 7, (inferred from the velocity measurements)
(b) Measurement Uncertainties: A recent re-analysis of the data by the authors suggests an uncertainty in the mean

velacities of £1.5%. and an uncertainty in the wall shear stress of £2.5% . The authors also suggest that these may
be low estimates (see the READRME assaciated withi this data in the database).

. Available variables: Mean velocity profiles and wall shear stress. In addition, extensive gualitative observations

are noted from Qow visualization.

. Storage size and data format: There are three ASCH data files, containing profiles: two for the two Reynolds

numbers studied, and one containing the relutive values of the wall friction velocity. Total data size: [SKh,

Contact person:

REFERENCES
JOHNSTON, J, P.o HALLEEN, R, M. & LEZIUS, DL 1969 Effect of spanwise rottion on the stiuctuie of two-dimensional
Tully developed turbulent channel Nlow. 1 Fluid Mech. §6. 533, s

2 .
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PCH21: Fully Developed Rotating Channel Fiow Simulations

Piomelli & Liu

. Description of the fiow: The rotating channel flow is obtained by imposing a spanwise rotation on a 2D fully-

developed turbulent plane channel. To attain a fully developed flow, the simulation was allowed to develop until a
statistical steady state was reached. and statistics were then accumulated. This DNS was part of a larger study on
the computation of this flow by large-eddy simulation.

. Geometry: The computational domain was 478 x 26 x 47d/3 in the strcamwise, wall-normal and spanwise direc-

tions, respectively,

. Sketch: None nceded.

. Flow characteristics: The flow characteristics evident in the simulations of Kristoffersen & Andersson (1993) were

also noted in this study. See previous section for a description. Filterca data are available from this study which are
not available for Knistoffersen & Andersson (1993),

. Flow parameters: The parameters for this flow are the Reynolds number and the rotation number. The h.eynolds

number for this flow is e, = 177 (based on u, and &, the shear velocity and channel half-width) or Re, = 2850
(based on bulk velocity Uy and §). The rotation number, Rop = 26Q2/U, = 0.144, and based on u, and & it was
1.166.

. Numerical methods and resotution: The Navier-Stokes cquations are integrated in time using a Fourier-Chebyshev

pseudospectral collocation scheme, The skew-symmetric form of the momentum equation is employed, and the time
advancement is performed by a fractional time step method with a semi-implicit scheme. The wall-normal diffusion
term is advanced using the Crank-Nicolson scheme, and the remaining terms by a low-storage third-order Runge-
Kutta scheme. Periodic boundary conditions arc applied in the streamwise and spanwise directions, and no-slip
conditions at the solid walls. 960 x97% 128 grid points were uscd.

. Boundary and initial conditions: (a) Domain size and truncations : Size: dwd x 28 x 4wd/3 in the streamwise,

wall-normal and spanwise directions with a grid of: 96 x 97 x 128,
(b) Boundary conditions ; No slip on the wails; periodic in the streamwise and the transverse directions.

(<) Inlet or initial conditions ; Results {rom an equilibrium (no rotation) simulation were used as the initial condition.
After volation was applied, a new steady state was reached. and the statistics were cbtained.

. Averaging procedures and cesulting uncertainties: Avcraging was performed over 4 dimensionless time units,

tu; /6. The totai shear stress deviated from the expected lincar variation by less than 0.5%.

Available variables: Time- and planc-averaged data available include all the velocity moments up 1o the flatness.
Skewness and flatress were computed using only the restart files, while first and sccond moments were calculated
on the fly. and arc, therefore, substantially smoother. Several flow realizations, cither on the original grid or on a
finer mesh (128 x 129 x 128 grid points) are available rom the contact.

Storage size and data format: There is a singie ASCII datu file, containing profiles of mean velocity, velocity
variznee and Reynolds shear stress. Tolal data size: 21kb.

. Coutact person: Prof. Ugo Piomelli

Dept. Mech. Engr., Univ. of Maryland
College Park. MD 20742, USA
Phone: (301) 4053-5254

E-mail: ugo@glue.uimd.cdu

REFERENCES
KRISTOFFERSEN. R. & ANDERSSON, H. 1993 Direct simulations of low-Reynolds-number turbulent flow in a rotating
channel. J. Fluid Mech. 256, 163.

PiomELLI, U. & Liu, J. 1995 Large-cddy simulation of rotating turbulence using a localized dynamic model. Phys.
Fluids 7, 839,
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PCH22: Fully Developed Rotating Channel Flow Simulations

Andersson & Kristoffersen

. Description of the flow: The rotating channel flow is obtained by imposing a spanwise rotation on a 2D fully-

develaped wrbulent plane channel. To attain a fully developed flow, the simulation was allowed to develop uniil a
statistical steady state was reached. and statistics were then nceemulated.

. Geometry: The channel flow between parallel walls was simulated in a compuiational domain of : dod x 26 x 2746

(where 24 is the channe! height),

. Sketch: None needed.

. Flow characteristics: With increasing rotation the velocity becomes more asymietric and contains a lincar region

of slope dU/dy ~ 2§ in the centre of the channel. The wall-layer an the unstable side becomes thinner and the
turbulence is cnhanced. then levels off around 2oy = 0.10; a significant drop is noticed at Ro, = 0.5. On the stable
side the wall-layer becomes thicker. and the turbulence level is reduced. without atiaining a full relaminarization.

An interesting observation is the tendency towards isolropy of the turbulence on the unstable side, due to the aug-
mentation of »%and the saturation of u%. On the stable side, however, the anisotrapy increases with Ito. Another
important finding is the existence of regions ol negative energy production, already hypothesized on the basis of the
experiments (Andersson & Kristoffersen, 1994). The region arises when the position of zero turbulent stress docs
not caincide with the maximum of the mean velocity. Negative energy production leads to energy being extracied
from the turbulence and could be an interesting test for models.

The Taylor-Grtler rolls are observed but are found unsteady, apart from the case Hoy, = 0.156. Therefore, noatiempt
was made 1o separate large scale structures from the turbulence for statistical purposes. Qualitative desceription of
flow patterns can be found in Kristoffersen & Andersson (1993),

. Flow pavameters: The parameters in this flow are the Reynolds number, Jie; = 191, and the rotation number, Roy,

which varied from 0 (0 0.5.

Numerical methods and resolution: The computational grid is 128 x 128 x 128, The mesh spacing is constant in
2 and z at 19 and 9.5 wall units, and is stretched in y following a tanh-distribution to oblain a minimum spacing of
S5 wall units at the grid poinl next to the wall, Spatial derivatives are diseretized by a 2od order central-difference
approximation, and the solution is marched in time with a second-order explicit Adams-Bashforth scheime,

. Boundary and initial conditions: Periodic boundary conditions are imposed for the  and 2, directions, requiring

a forcing term corresponding to an imposed imean pressure gradient in »
dpfdr =1

The equations are solved within a computational domain of : 478 x 28 x 2§

(a) Domain size and truncations: The formably infinite domain in the stteamwise (o) and spanwise (2) directions are
truncated to domain of 4w d x 28 x 2nd

(b) Boundary conditions: No slip is imposed on the walls and perindic condivons are imposed in the streamwise and
spanwise dircctions,

(¢) Inlet or initial condiuons: The simulaiion was started from a random initial fickd. When the total shear stiess
was lincar across the channel, statistically steady wrbulence was assumed. The simulation was then continued for
several large-cddy turnover times, 8/, As rotation was increased, (he previous results were used as the starling
field,

. Averaging procedures and resulting uncertainties: Though several large-cddy trnover times were vsed for av-

craging. as mentioned above, the authors feel thiv may have been only marpinally adequate for some cases, The
critical friction velocities are estimated to be accurate to within 3% for all but the highest rotation rate. A simulation
at zero rotation rate was performed which agreed well with previous, accepted simulations.
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; 9. Avatlable variables: A varicty of mecan statistical data are compiled for this study including skin-friction as a
| function of rotation rate, profiles of mecan velocity, Reynolds stress, and turbulent kinetic energy, as well as various
' terms in the Reynolds stress transport budget. The individual quantities are defined in Andersson & Kristoffersen
(1954).

Filtered data for direct use in evaluating LES is not available for this simulation.

10. Storage size and data format: There are cleven subdirectories of data, cach with an index file describing the
! contemts. These are identificd with corresponding figures in Andersson & Kristoffersen (1994). All of the files arc
ASCII and total about 285kb.

11. Contact person: Prof. Helge Andersson
Dept. Appl. Mech., Mech. Engr., Norwegian Inst. of Tech,
Trondheim, Norway
E-mail: toncra@v81.termo.unit.no

REFERENCES
ANDERSSON, H. 1. & KRISTOFFERSEN, R. 1994 Turbulence statistics of rotating channcl flow. In Proc. 9th Symposium
Turbulent Shear Flow, Tokyo.

KRISTOFFERSEN, R. & ANDERSSON, H. 1993 Direct simulations of low-Reynolds-number turbulent flow in a rotating
channel. J. Fluid Mech. 256, 163.
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PCH23: Fully Developed Rotating Channel Flow Experiment

Nakabayashi & Kitoh

T )
1. Description of the flaw: A simall wind tunnel (channed) was rotated at a constant rate about an axis perpendicular [
to the flow direction to generate a Coriolis effect on the channel flow. The resulting asymmetry in the flow was .
explored, including the effects of Reynolds number and rotation on the turbulence, The Reynolds pumber range was L
lower than that of Johnston et al., and the data (primarily hot-wire) are much more detailed and extensive. -

g

Geometry: Air was blown through a channel rotating about an axis paralle] to the mean (transverse) vorticity in
the channel flow. The channel was 2.0m long, 0.010 m high and 0.080 m wide. Mcasurements were performed at a
station 361 channel half-heights from the entrance, where the turbulence was fully developed.

3. Sketch: None needed.

>

Flow characteristics:

gl

Flow parameters: The Reynolds number Rey ranged from 850 to S000 and rotation number f1, = 4D?Q /v ranged
from 0 10 0.0547.

G. Inflow, cutflow, boundary and initial conditions: Beeause of the very long channel, the effective inllow and R
outflow conditions are those of fully developed channel flow, keeping in mind the Reynokls number effects.

7. Measurcnwent procedures: Velocity and turbulence profiles were measured by hot-wire ancmaometry. A special
curve-fitting technique is used to wfer the wall shear siress. Both single and x-wires were emploved. Not all of the .
following varinbles are available for all conditions. Estimated uncertainties are 2% for mean velocity and S% for —
wall shear stress.

8. Available variables: The following data are available: mean streamwise flow velacity profiles, Uy, nonmal stresses, C
< apy >, < uyy >, wrbulent stress, < wyuy >, local wall shear stress, 7, (inferred from velocily measurements) o
and surface pressures. "
g 9. Stovage size and data format: The data are stored in aseries of ascii liles organized into directories by the Reynolds
g number of the run. For each Reynalds number there are several files tor different rotation numbers, and for mean
o and fluctuation quantities. Total data size: 85 kbytes
; 10. Contact person: .
X .
E REFERENCES N
. 3 . NAKABAYASIIL K. & Kiroi, O. 1996 Low Reynolds number fully developed two-dimensional turbulent channel flow K
é o with system rotution. J, Fluid Mech. 315, 1. A
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Data Sheets for:
Chapter 6.- Free Shear Flows
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SHLO0: Single Stream Plane, Incompressible Turbulent Mixing Layer

Wygnanski & Fiedler

1. Description of the flow: Single strcam, plane mixing layer. Onc side at rest. The boundary layers can be either
turbulent (tripp ~d, supposed to be fully developed, based on Log plot analysis) or laminar (aspiration is used).
Only self preservation region results are available. Self preservation accepted from 2, =~ 3 x 107,

2. Geometry: Rectangular exit, 18 ¢im x 51 em Total length available: 80 em. Contraction 1:28. Trailing edge with
tripping wire,

3. Original sketch
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4. Flow characteristics: One stream ixing layer. Mean velocity 12 mfs. A = 1.
5. Flow parameters: Mixing layer: Spreading rate oy = 9.

0. Inflow/Qutllow/Boundary and Initial Conditions: Fice stream wurbulence 0.1% in long. velocity. Tripped bound-
ary layer.

7. Measurement procedure: Mean and fluctuating longitudinal velocities are measurcd. Hot Wire Anemometry - X
wire. Lincarity assumed. Analog mcasurements.

—

8. Available variables: Mixing layer data: growth rates, velocities: U/Us: u?y o w?y i vn?; vw?; wwd;

"
wv? why vty wt (+ skewness, flatness) Dissipation erms (;i—:i') for = 1,2, 3and j = 1,2, + Micro scales.
\
Turbulent kinetic energy balance. One dimensional spectra and two point correlutions (R, space (@ and y) and
time, 17,0 time), intermitiencey functions, Measurciment locations: 29 10 80 ci.

Y. Storage size and data format: Format is ASCIL Data are tabulated from printed forms. 70 Kb, 15\

10. Contact persons:
Prof. H. Fiedles
TU Berlin, Hermamn- Fottinger-Institut
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Strasse des 17 juni 135, D-1000 Berlin 12, Germany:.
Phone: (49) 30 314 23359

Fax: (49) 3031421101

E-mail: hfiedler@hobo.pi. TU-berlin.de

or

Prof. I. Wygnanski

AME dept. Tueson, A7, 85721, USA,

Phone: (602) 621 6089

Fax: (602)621 819

E-mail: wygy @bigdog.cngrarizona edu

REFERENCES
WYGNANSKI, [, & FILDLER, H, E. 1970 The two-dimensional mixing region. J. Fluid Mech. 41, pait 2, 327361, i
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SHLO1: Plane, Incompressible Turbulent Mixing Layer. Influence of initial
conditions. Vel. ratio 0.6 -

Bell & Mehita

1. Flow description: Two stream, plane mixing layer. The boundary layers can be either turbulent (ripped. fully
developed, based on shape factor) or laminar, The development of the ML is given,

2. Geometry: Rectanpular exit, 36 x 91 cm?. Total length available: 366 cm. Useful length: 250 em. Splitier plate
trailing edge: 1¥ wedge. Ldge thickness (.25 mm,

3. Original Sketch:

Wide angle 5000 CFM blower
diffusers 5 HP motor

Honeycomb

and screens
2-D contraction
Contraction ratio =77
A
Test e

-

section A<
P \\

L
< 15 000 CFM
\!.\ blower
\?l 20 HP motor
Side-wall adjustment for
pressure gradient control All dimensions in cm

4. Flow characteristics: Two strearis mixing layer. Mean velocities 15 m/s: 9 m/s. A = .25

5. Flow parameters: Boundary layers: Laminar BL: 6 = 0.4/ 0.44mm; 6 = 0.53/0.61, mm; H = 2.52/2.24; ('y=
0.72/091 x10 *, Rp = 525/362. Turbulent BL; 6 = 7.6/8.5 mm; § = 0.82/0.94 mm; H = 1.5/1.5 , 'y = 5.3/4.86
x 1073, Ry = 804/567. Mixing layer: Spreading rates o8, /da (from erf function)= untripped: 0.023: wipped:
0.019.

6. Inflow, outflow, boundary and initial conditions: Free stream tirbulence 0.15% in longitudinal velocity and 0.05%,
in transverse vel. Initial boundary conditions are either natural (probably pre-wransitional) or tripped by means of
thin wires 15 e upstrcam of the railing edge. Only global BL parameter are piven,

7. Measurement procedure: Hot Wire Anemometry - X wire. A/D micasurements (low frequency recording). Plenum
chamber calibration. Mean and fluctuating velocities U, V and W oare measured. Spanwise variations from 40% o
4%. depending on distance and wipping. Spanwise averaged.

8. Available variables: Boundary Layer data: 7., Cy b0

Mixing layer data: U7/ 0w, 02, w?, wd. we?,

Streamwise mixing laver growth: Streamwise development of max. primary turbulent stresses (i, u?, v, w?).
8 measurement locations (cm): 7.8, 16.7. 57.3, 77.6, 108.1, 128.4. 189.4, 2500.3
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9. Storage size and data format: The data are in ASCIH format. 70 Kb,

10. Contact Person
Dr. R. D. Mchia
Fluid Dynamics Laboratory, NASA Ames Rescarch Cenler
Moffeu Field, CA 94305, USA,
Tel: (650) 604 4114, Fax: (050)604 4511
E-mail: rmehta@mail.arc.nasa gov

REFERENCES

BELL, J.H. & MENTAR.D. 1990 Development of a Two-Stream Mixing Layer from ‘Tripped and Untripped Boundary
Layers. AJAA J. 28, No 12,2034 2042.
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SHLO02: Plane, Incompressible Turbulent Mixing Layer. Influence of Near
Plate Wake.

Mehta

1. Ulow description: Two streams, plane mixing layer. The boundary layers are turbulent (ripped, fully developed,
based on shape factor). Depending on the velocity ratio. the wake of the plate can be preseat. The velocity ratio
ranges from 0.5 to 0.9, The development of the ML is given.

2. Geometry: Rectangular exit, 36 x 91 cm?. Total length available: 366 em. Useful length: 250 ¢m. Spliter plate
trailing edge: 19 wedge. Edge thickness 0.25 mm.,

3. Original sketch:

Wide angle 5000 CFM blower
diffusers § HP motor
Honeycomb el
and screens 7
2-D contraction $
Contraction ratio= 7.7 /"\
915l
Test rd
section% >4
S
///3
<« 15 000 CFM
\,\ blower
I 20 HP motor
N
~+
Side-wall adjustment for
pressure gradient control All dimensions in cm

4. Flow characteristics: Two streans mixing layer. Mean velocities: high speed side: 21 nvs, low vel. side: 10.5-

18.9 m/s, 0.0526 < X\ < 0.333.

5. Flow parameters: Boundary layers: Tripped BL (second values correspond (o the different low speed side ac-

cording to the vel. ratio): 6 = 7.6/8.5 mm: ¢ = 0.96/0.83--0.87 mm; H =~ 1.5; ('y = 4./4.4-4.7 x10 % Ry =
1,300/680-1,114,

Mixing layer: Spreading vates dd, /dX: from 0.0073 10 0.0318.

6. Inflow, outflow, boundary and initial conditions: Free stream turbulence 0.15% in longitudinal velocity and 0.05%
g Y

in transverse vel, Initial boundary conditions are tripped by mcans of thin wires 15 cinupstream of the trailing edge.
Only global BL parameter are given, The velocity ratio are 0.5, 0.6, 0.7, 0.8, 0.9.

7. Measurement procedure: Hot Wire Anemomelry - X wire. A/ measurements (low frequency recording). Plenum

chamber calibration.

Mean and fluctuating velocities: U, V and W are mcasured Spanwise variations from 40% o 4%, depending on
distance and wripping. Spanwise averaged data.
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8. Available variables: Boundary Layer dat: T, €y, 8. 6.
Mixing layer data: T /U u? U2 02 02 i fU2 oo j i Ut
Global parameters: Mixing layer prowth, Sucamwise development of maximum primary stresses (i u?, 27),
Streamwise development of veloeity defect: (- U2) /(U - U2)). Variation of the growth rate versus the
velocity ratio,
& measurement locations (em): 12,332,773, 111, 144, 208, 236, 267
NB: The triple products were not given in the original paper.

9. Storage size and data format: The data are in ASCI formal. 260 Kb,

1. Contact person: Dr. R. D. Mcehta
Fluid Dynamics Laboratary, NASA Ames Research Center
Moffeu Field, CA 94305-100, USA.
Phone: (650) 604 4114
Fax: (650) G04 4511
E-mail: rmchta@mail.arc.nasa, gov

REFERENCES
Menta, R.D. 1991 Elfect of velocity ratio on plane mixing layer development: Influence of the splitier plate wake.
Fxperiments in Fluids 10, 194-204.
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SHLO03: Plane, Incompressible Turbulent Mixing Layer. Natural and Forced.

4.

R

6.

Oster & Wygnanski

. Flow description: Two strcams, plane mixing layer. Two different biowers are used. The velocity ratio ranges {rom

0.3 10 0.6. Main results are available at 0.3 and. mainly, 0.0.

. Geometry: Rectangular exit 0.5 x 0.6 m®, Touwl length availuble: 2. m. Contiaction 1:7.3 Spliter plate trailing

edge: 3° wedge. Edge thickness (Map) 0.5 mm.

. Qriginal sketch:

Adjustable top
and bottom plates

e 1 Lﬁ_—J_
7R Test section
l 7240 wun 2000 mm
V

Ilow chargeteristics: Two streams mixing layer. Mean velocity of the high speed side: 13.5 m/s. (low speed
adjustable from 0 10 13.5 m/s). 0.26 < A < 0.54

. Flow parameters: The boundary layers are not examined. Detailed data are available at X = 100 mim downstream

of TE (considered as initial conditions). Reynolds number based on velocity dilference and momentumn thickness:
104,

infiow, ouifiow, boundary and initiai conditions: Free stream turbulence ; (.2%. Homogeneity of incan veloeity
better than | % Initial conditions are given at 100 mm downstream of the TL.

. Measurenient procedure: Hot Wire Ancimometry CTA - X wires. (10 ktlz). Semphng 4kilz. Datailed calibration.

Mecasured quantities: Meazn and fluctuating velocity U, Measurcmient eirors 1% on U and 2% on V.

. Available variables: “Initial conditions': for r = 0.6 (X =~ 100 mm): /AU, o' /AU, o' /AU,

Mixing layer data: Integral quamities 0: b; spreading rates for 7 == 0.3, 4,5, .6,
Mixing layer velocity data:

(@) r = 0.3, 04,05, 0.6: U/AU, u' /AU for X = 20., 40., 60, §0., 100, 120., 140, 160, eni. (add 10 em for
the 3 Jast cases).

() 7 = 0.6 ' /AU, wo/ AU Tor X' = 30., 50, 70, 90., 110., 130., 150.. 170. cm.
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NB Deiailed dala with trailing edge flapping arc available: Mean and fluctuating dita (u', 2", ', 1'v" and ol
turbulent energy) for - = 0.3, 0.4, 0.5, 0.6. Combination of 4 frequencies (30, 40, 50 and 50 Hz) and 3 amplitudes
(.1 =051, 1.5and 2 mm).

9. Storage size and data format: The data arc in ASCII format. Data are tabulated from printed forms. 120 Kb.

10. Contact person: Prof. I. Wygnanski, AME Dept. Tucson, AZ 85721, USA
Phone: (602) 621 6089
Fax: (602) 621 8191
E-mail: wygy @bigdog.engr.arizona.edu

REFERENCES
OSTER, D, & WYGNAN3KI, 1. 1982 The forced mixing laver between parallel streams. J. Fluid Mech. 123, 91-130.




. Flow description: Two stream, plane mixing layer. The boundary layers are turbulent (fully developed, based on
. Geometry: Rectangular exit, 30 cm x 30 cm. Total length avaitable: 120 cm. Uselul X range 100 cm. Contraction

. Original sketch

. Flow Characteristics Two strcam mixing layer. Mean velocitics 41.54 and 22.40 m/s, A = 0.3

. Flow parameters: Boundary layers: § = 9.6/ 6.3 mm; @ = 1.0A.73 mm; H = 1.35/1.37; Rp =2900/1200.

6.

. Measurement procedure: Hot Wire Anemowietry-X wires. Rakes (up to 48 wires). Non-linearized calibration

. Available variables: Boundary layer data: U; u?

9,

SHLO04: Plane, Incompressible Turbulent Mixing L%yer. Vel. ratio 0.54

-

Delville, Garem & Bonnet

spectra, Log plot , etc. analysis). Development of the ML is given

1:16, Splitter plate: 1m long, 3° wedge on 50 mm. Thickness at TE: 0.3 mm,

splitting plate

filters

bead loss device

Mixing layer: Spreading rates equivalent og = 10.6; dd,, / dz = 0.05.
Inflow, outflow, boundary and initial conditions:Frce sucam turbulence level: (0.3 % in longitudinal velocity.

Tripped boundary layers.

laws. Analog Mcan and rms coupled with simultancous sampling at 50 klHz.

Mean and (luctuating velocities are measured for the 3 compaonents,

Mixing layer data: U /Uni u?; v?, w?; W0

vu?; vw?; ww?; un?; ud; v w3 (+ skewness, flatness)
Dissipation terms from spectra. Turbulent kinetic energy balance. Spectra and two point correlations.

Singlc wirc measurements at 24 downstream locations, from 3 circup to 100 cm.

Probability Density Functions of 2 components of velocity 2t X = 600 mm. P.d.f. of velocity differences, 2 compo-
nents. at X = 600 min, {or 3 reference positions (on the axis, in the middle and outside of the ML). The difference
arc determined for transverse (y) separation and for time separations (on the axis only).

Storage size and data format: The data are in ASCII format. 17 Mb.

A dctailed report is included in the present database in Posteript (PDIF) format, including drawings and discus-
51095,

Not provided here, but availabie, huge size for raw data, scc ERCOFTAC dala base (typically between 20 and
100Mb).
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10. Centact person: Dr . Delville
LEA-CEAT. University of Poitiers, 43 rue de 1" Aérodrome, F-86036 Poiticers cedex France
Phone: (33) 05 49 53 70 57
[ax: (33) 05 49 53 70 01
E-mail: delville @univ-poiticrs.fr

REFERENCES
DELVILLE, J. 1995 La décomposition orthogonale aux valeuts propres et Fanalyse de Iorganisation tridimensionnelle des
¢coulements turbulents cisaillés hibres. These, Univ, Poiticrs

DELVILLE, J., BELLIN, S., GAREM, J.H. & BONNET J.P. 1988 Analysis of structures in a turbulent a wrbulent plane
mixing layer by use of a pseudo-flow visualization method based hot-wire anemometry.  Advances in Twrbulence 1,
Fernholz and Fiedler eds., Springer, pp 251.
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SHLO0S5: Time Developing Turbulent Mixing Layer Simulations

Rogers & Moser

. Description of the flow: The flow is a fully turbulent time-developing mixing layer. Initial conditions are taken

from two realizations of a parallel turbulent boundary layer. Three cascs are included that differ in the details of
their initial conditions (see §7).

. Geometry: The time-developing mixing layer is spatially homogeneous in the streamwise and spanwise directions

and develops in an infinite domain in the cross-stream direction, with the layer thickness growing in time without
bound.

Sketch: Nonc needed

. Flow characteristics: The simulated wrbulent mixing layers evolve through a “transition” period in which the

boundary laycers turbulence provided as an initial condition is changed (o turbulence characteristic of a mixing layer.
There is clear evidence (Rogers & Moser, 1994) that during this transition, the layer undergoes Kelvin-Helmboliz
rollup, though the rollers are far from (wo-dimensional in some cases. As the layer grows, so do the rollers, which
have been observed to pair, al least locally. Depending on the case the rollers may or may not persist throughout
the simulated development (see Rogers & Moser, 1994). All except Case 3 evolve through a period of self-similar
growth (sec table 5).

Flow parameters: The only relevant parameter in this flow is the Reynolds number. Flow guantities are nondi-
mensionalized by the initial momentum thickness 6%, and the velocity difference between the two-streams of the
mixing layer AU. In these units the Reynolds number of all three cases is 800. The Reynolds number based on the
(evolving) momentumn thickness grows 1o be as large as 2420.

Numerical methods and resolution: ‘The numerical method used in these simulations is that of Spalart, Moser
& Rogers (1991). It is a spectral method in which the streamwise and spanwise spatial variations are represented
using Fourier series, and the cross-stream dependence is represented with a mapped polynomial expansion based on
Jacobi polynomials. The formally infinite cross-stream (i) direction was mapped to the interval 77 € (-1, 1) by the
mapping = tanh(y/yo). Sce Spalart er af (1991) for details.

Both the mapping paramerer, yy. and the number of Fourier and Jacobi polynomial modes in the representation (N,
Ny and N, where 2 and 2 and the streamwise and cross-stream directions respectively) were varied through cach
simulation as the Reynolds number increased. The variation is shown in table 6.

Boundary and initial conditions: The formally infinite homogeneous strcamwise and spanwise directions are
truncated 1o 4 finite size and periodic boundary conditions are imposed. The domain sizes are 12549, and 31.256",
in the stremmwise and spanwise directions respectively, where 82, is the initial momentum thickness of the layer
(see Rogers & Moscer, 1994). In the cross stream direction, the conditions are that u(y) = £1/2AU as y = %o,
where u s the streamwise velocity component and all other velocity components go to zero. Al/ is the {ree-surcam
velocity difference.
The initial conditions for the simulations were constructed using two realizations of an incompressible turbulent
boundary layer computed by Spalart (1988). The momentum thickness Reynolds number Reg of the boundary layer
was 300, and in the units of the mixing layer simul “ions § = ;'»;(5,,,. If the two boundary layer velocity vector ficlds
are wrilten vy (e, 9, z) and ug(a,y, 2). where 0 < y < oo, —L, /2 < x < L /2. and the wall is al y = 0. Then the
basic initial condition field u' (i, y. z) (for case 1) is given by

ul(e,y,z) = {21(1:,3/,2) v 2;0 . (h

Ruy(~2,—y.2) y <0

where R is a reflection operator that changes the sign of the  and ¥ componenis of a veetor, leaving the 2 component
unchenged.
The initial condition ficlds for cases 2 and 3 (u® and u® respectively) w2 constructed from those of case 1 by

| 1L,
wiry,z) = ul(e,y ) %i/ ule,y.2)dz
s 0




¥ Scif-Similar dby, Jdi
Period

Case 1 0 105 <t <150 0.014
Case 2 4 100<t <150 0.014
Case3 19 BO<t<123) (0.017)

Table 11 Case information for the mixing fayer simulations. Initial condition parameter 4 is defined in §7. The growth
rate df,, /dt is for the sell similar period. In Case 3, there is no convineing self-similar period. the growth rate and period
shown arc for an approximate similarity period as discussed in Rogers & Moser (1994).

Time Ny x Ny x N, Y
Case 1 0-349 256 x 120 x 126 4.0

34.9-87.3 512 x 180 x 128 4.0
87.3-104.2 512 x120x 192 4.0
104.2-150.0 512 x 180 x 192 6.0
150.0-187.5 512 x 210 x 192 6.0
187.5-250.0 381 x 180 x 128 8.0

Case 2 0-779 256 x 120 x 128 4.0
77.9-150.0 236 x 180 x 128 6.0
Case 3 0-173 256 x 120 x 128 4.0

17.3-85.4 384 x 120 x 128 6.0
B85.4-175.0 384 x 160 x 128 8.0
175.0-250.0 384 x 220 x 128 11.0

Table 2: Specification of numerical parameters Tor time developing turbulent mixing layer simulations from Rogers &
Moser (1994).

I,
Ftm 1 Ay e ol N Vo 0 ) ofn
witmn:) = ubr,y.2) LA ul e 2) dz

ui(.r‘,y, z) = 'll!(.l‘, ¥, z)

where y; = 4 and 19 for § = 2 and 3 respectively. The initial condition ficlds provided with this data Uase include
boundary layer realizations similar to those used for initial conditions here.

. Averaging procedures aud uncertainties: All the data provided from these simulations is obtained by computing

the appropriate quantitics from the simulated velocity fields and averaging in the homogencous spatial directions i«
and z. There are three sources of uncertainty in this data. First are the numerical discretization errors introduced
in the numerical simulations. The simulations were done with great care to ensure that the discretization errors arc
negligible (Rogers & Moser, 1994).

The second source of uncertainty is statistical, which arises from computing the averages aver a finite domain size
for a single realization. Apn estimale of the magnitude of this error can be abtained by realizing that the ideal profiles
will be cither even or odd in y. depending on the quantity. Departure from this ideal behavior provides an estimate
ol the error. In particular, if the profile of a quantity ¢ should he even (for example), then the magnitude of the odd
part ({q(y) — q(- ¥}}/2) relative to the even part ({q(y) + g(¥))/2) is an estimate of the relative error due to limited
statistical sampling. Such estimates can be computed from the data provided. Also, if the measured quantities are
considered to represent the evolution of this particular flow. with these particular initial conditions, then there is
no statistical ervor. However, it is not clcar how comparisons to LES can be made in this sensce, since LES is only
expecled to be valid statistically.

The third source of uncertainty is due to the finite domain size of the numerical simualaton. However, if an LES is
done in (he same domain with the samie periodic boundary conditions, then a comparison can be made without error
duc to the domain size.

. Available variables: For cacly of the three cases, datais provided at several imes through the evolution of the flow,

as indicated in table 1. Given are the mean velocity U (), the velocity variances (u?, %, w?), and the Reynolds
Slress 1w,

In addition to this data at diserete times, the time evolution af the momentum and vorticity thickness is provided.
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10. Storage size and data format: The data is in ASCII files, organized into directores according 1o initial conditions.
Total data size: approxiinately 1 Mbyte of total storage.

11. Contact person:
Michacl M. Rogers
NASA Ames-Rescarch Center, Moffeut Field, CA 94035, USA
Phone: (415)-6004-4732
E-mail: mrogers@nas.pasa.gov
or
Robert D. Moser
Dept. Theoretical and Applied Mechanics, University of Hlinois
104 S. Wright St., Urbana, IL 61801 USA
Phone: (217)-244-7728
E-muail: r-moser@uiuc.cdu.

REFERENCES
ROGERS, M. M. & MOSER, R. D. 1994 Direct simulation of a self-similar turbulent mixing laycr. Phys. Fluids 6. 903~
923,

SPALART, P.R. 1988 Dircct numerical study of a turbulent boundary layer up to Reg = 110, J. Fluid Mech. 187, 61-98.

SPALART, P.R,, MOSER, R.D). & RoGERS, M.M. 1991 Speetral methods for the Navier-Stokes equations with one
infinitc and two periodic dircctions, J. Comp. Phys. 96, 297-324,
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SHLO6: Plane, Incompressible Turbulent Mixing Layer. Influence of External
Turbulence.

Tavoularis & Carrsin

1. Flow description: Twao-siream, plane mixing layer. The mixing layer develops within a significant turbulence level,
The development of the ML is given.

2. Geometry: Square test section, 30.5 x 30.5 cm?. Tl lengih available: 330 e, Contraction 9:1 before the
channels and turbulence generators. Tach of the 1wo streams originated at the outlets of five parallel channels,
cquipped with fine-mesh sereens al their upstream ends and turbuience enhancing rods at their downstream ends.

The soliditics and numbers of th sereens were adjusted to produce the desired mean veloeity ratio.

3. Original sketeh

(boundary layer  Uy)

Y.

|
|
z

grid turbulence

W o
w layer
j\""\h—« I

{l}c

— y grid turbulence
f t X {boundary layer

screens c¢hannels rods

4. Flow characteristics: "Two-stream mixing layer. Mean velocitios 10 mfs: 21,4 m/s, A = 0.36. The low oulside the
mixing layer resembled grid-generated turbulence, with near zevo shear stress and nearly equal, decaying normal
stresses. Although integral length seales in the "grid turbulence™ regions have notbeing reported, one may roughly
cstimate theirinitial values by hall the channel size (15 mm,.

5. Flow parameters: Reynolds number based on vorucity thickness: from 45 w0 83 10%, Mixing layer spreading rate;
g =32

6. Inflow, outflow, boundary und initial conditions: Typical turbulenee levels: 4% of lacal mean velocity, isotropic
(resp. 2.5 % and 5 % in term of conv, vel. 15.7 mi/s).

7. Measurement procedure: Hot Wire Anemometry CTA, S single and X wires. Two single wires for space
correlations with 0.1 mm accuracy in space. Noinformation on calibtation procedure. Measured quantities: Mean
velocities U, Turbulent data: 2 components. Space correlations for 3 direetions

8. Available variables: Near the origin (no spliver plite). x = 30 em: Uanusy, u' /0, o' /U u'e! fu'd!.

Lo Yy . . [ )
Mixing layer development 177807 o /AU, o/ /AL, v/ AL
Three detailed measurement locations (em). 76.2 (2.5 h): 122 (1), 168(5.5)

Autocorrelaions fur some y locations Guas intermed. and edpe) for x = 76 cm. ongitudinal, ransverse and shear
slress components.

Two-point correlations: for some y Tocations (axis, intermed. and edge) for x = 76 e, longitudinal, tansverse and
shiear stress components, with separations i x. v and 7 directions,




9. Storage size and data format: The data are in ASCIT format. 40 Kb

10. Contact person: Prof. S, Tavoularis
Department of Mechanical Engineering. University of Ottawa, 770 King Edward Avenue
Ottawy, Ontario KIN 6NS, Canada,
Phone: (613) 5625800 ext. 6271
Fax: (613) 5625177
E-mail: tav@eng.uottawa.ca

REFERENCES
TAVOULARIS, S. & CORRSIN, 8. 1987 The Swucwure of a Turbulent Shear Luyer Embedded in Turbulence. Phys. Fluids
30 (10), 3025-3033
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SHL10: No-shear Turbulence Mixing. (Vel. ratio 1.)

Veeravalli & Warhaft

1. Flow description: Mixing between two turbulent strcams of same velocity but different characteristics. The flow
is created by twao sets of grids (or perforated plates) with same solidity but different spacings. The mixing layer
develops within a significant turbulence level (0.1% to 2% ). The development of the ML is given.

2. Geometry: Square test section, 40,6 x 40.6 em?. Total length available: 425 em (Useful length: 253 or 168 cm),
Three grids or perforated plates: 3.3:1,8.9:1 and 3:1 (solidity 0.3). No splitter plate.

3. Original sketch:

¥ Homogencous decaying y (m)
large-scaie region “
0.406
1 A

iy /T" il
Flow ' -
— N {A v #'  Mixing layer

Ty
| M TN | '_'#_‘M‘
" \ —
- 2 03 0T —0.20
Homogen=nous decaying
'y \ sinull-scale region

4, Flow Characteristics “Turbulence’ mixing layer. Mean velocity 6 mi/s

5. Flow parameters: Three sets of turbulence data are available. Reynolds numbers: mean (Grids size): from 1744 (o
15 539; Turbulence (Taylor microscale): from 18 (0 96.5,

6. Indiow, outfiow, boundary and initiai conditions: Turbulence fevels from .19 10 2%

7. Measurement procedure: Hot Wire Anemometry CTA, 3pm- X wires. Sampling 45 KHy. Mueasuied quantities:
Mean velocities U. Turbulent data: 3 components. The homogencity is better than 5 (average 2 %) outside of the
ML,

§. Available variables:
rates and cvolution of hall width thickness. Evolution of the inteyral time scales Mean velacity profiles, Produc-

| ton/di pabion ratio. RMS of the three velocity components for 3 downstream locanons Qbservations an approx. 60
‘ cm (of arder of 50 meshes). Higher orders moments (3 and 4) for the three velocity components and three focations.

’ Global Flow parameters are given at the first downstream location: &, o, integral fengths, R numbers ete. Decay

| 9. Storage size and data format: The data are in ASCH format. Data are tabulated from printed forms. 60 Kh.
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10. Contact person: Prof. Z. Warhaft
Cornell Univ., Sibley School of Mech. Engg., 244 Upson Hall
Ithaca, NY 14853-7501 USA.
Phone: (607) 255 3898
Fax: (607) 255 1222
| E-mail: zw16@cornell.cdu

i REFERENCES
VEERAVALLI, S. & WARHAFT, Z. 1989 The Shearless Turbulence Mixing Layer, J. Fluid Mech, 207, 191-229

VEERAVALLL, 8. & WARHAFT. Z. 1990 Thermal Dispersion from a Line Source in the Shearless Turbulence Mixing
Layer, J. Fluid Mech. 216, 35-70




SHL20: Supersonic Plane Turbulent Mixing Layer, M. = (.62

Barre, Quine, Menaa & Dussauge

1. Flow description: Two streamy supersonic/subsonic, plane mixing layer. The boundary fayer in the supersonic
stream is turbulent (fully developed, based on spectia, Log plot, cte. analysis). Development of the ML is given.

Twao set of data are provided. They correspand to two slight different arrangements of a wind tunnel. The results
obtained lor the common data are camparable but not exactly identical. The data provided are camplementary. The
uscr then should consider the two sets of results as independent flows, unless some averaging process (not provided
by the authors) can be used o collapse the data.

. Geometry: Rectangular exit, 1Sem x 14 ¢m.

Thickness at TE: >~ 0.1 inm.

3. Original sketch:

Ll L L LS /ﬁ J

M. U, T, T oy

95 mm

Porous
bronze plate

. Flow characteristics: Two stream mixing layer. one side supersonic. the other subsonie. Mach numbers, supersonic
side: 1.79; Subsonic side: 0.3, Convective Mach Number: 0.62

. Flow parameters: Low pressure settling chamber ( 0.6 x 10%a), Turbulent boundary layer in the supersonic
sticany: & = 9. 7mmn; @ = T8mm; Cp = 2,02 10 4 Ky = 157 % 101, (Very thin houndary layer on the subsonic
side, typically less than 1 mm)

inflow, outiiow, boundary and initial condiiions: P'ree strcam turbulence fevel: supersonic side a,, /(U] = Us) ~
0.3%. subsonic side o, /(U - Uy) =~ 1%

. Measurement procedure: Pitot tube, temperature probe Constant Current Anemornetry, single wire., Made separa-
tion through Morkovin's (19560) fluctuaiion diagram (14 overheat ratios). Measured quantities: Mean and Huetating
longitudinal velocitics. wp componeat through mean momentum halance. The wrbulent heat flux s also provided
through the integration of the mean total enthalpy cquation. Temperature fluctuations ant velocity/te mperature cor-
relations.

. Available variables: Boundary layer data, 5 mm upsticam of the TE in the supersonic side and Mixing layer data

Mean values, (dimensional data) PP/ Py, T 07 py pey Re, Entiapy, Viscosity.

Fluctuations: (dimensionless (I:H:\)Tf’,r’ﬂ/—'lf; »(v/Tu—)F N/(pu); ' '1"'-'/'1"-_" '1~"17'/'l'l'; Iwr: pu'v” (indireen) The
Strong Reynolds Analogy (Morkovin 1962) ((4 ~ 1)M ¥ (u" /U /(T /T) 1s also tested
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Measurement locations: -5, 1; 8; 16; 32, 64; 80: 100; 120; 140; 160: 180; 200 mm.
N.B.Two-point statistics will be availablc under request to the contget person.

9. Storage size and data format: The data arc in ASCII format. 180 Kb.

10. Coutact person: Dr. J.P. Dussauge

! IRPHE. 12 av. Général Leclere, F-13003 Marscille France
Phone; (33)04 91 50 54 39

tax: 0491419620

E-mail: dussauge @marius, univ-nus.{r

REFERENCES

BARRE, S., QUINE, C. & . DUSSAUGE. 1.P 1994 Compressibility Effects on the Structure of Supersonic Mixing Layers:
Experimental Results, J. Fluid Mech. 259, 4718,

MENAA, M. 1997 LEtude expérimentale d'une couche de mélange turbulente supersonique ct analyse des propriéiés de
similitude, PhD Thesis, Université de Provence.

MORKOVIN M. V. 1956 Fluctuations and Hot-Wire Anemometry in Compressible Fluid, AGARDograph 24, NATO, June
1956,

MORKOVIN M.V. 1962 Effect of compressibility on turbulent flows Colloguie sur la méeanique de la turbulence, Collo-
ques Internationaux du CNRS 108,
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SHL21: Supersonic/Subsonic Plane Turbulent Mixing Layer. M, = 0.51~0.86

0.

9.
10.

Samimy & Elliott

. Flow description: Two stream supersonic/subsonic, plane mixing layer. The boundary tayer in the supcersonice

steeam is wrbulent (fully developed. based on spectra, Log plot . ete. analysis). Development of the ML is given.

. Geometry: Rectangularexit, 15 ecm x 15 em,

Thickness at TE: = 0.5 mm.

. Original sketch:

M, U;

cumnd)-
Mg Uy

KTHEEEEECERRRRRACEESEESERERRNSKENN

. Ilow characteristics: Two stream mixing layer, one side supersonic, the other subsonic. Mach nuimbers, supersonic

side: 1.B; 2.0 3. Subsonic side: 0.45. Convective Mach Number: 0.51:0.64: 0.86

. Flow parameters: High pressure settling chamber ( 2.65 x 10" Pady. Turbulent boundary layers in the supersonic

siream (Mach 3: M. = 0.86): & = 920 0 = 0.75mm: e = 4.0 % 100 (Mach LB M. = 054y § =
Smm; 0= 0.5; Iy = 2.15 x 10"
The boundary layers in the subsonic stream are very thin (typically less than Tmm).

Inflow, outflow, boundary and initial conditions: Free stream turbulence level: supersonic side o, /(U - Uy) <
1%, subsonic side a, /{l/y — Uy) < 0.5%.

Mecasurement procedure; 21 LDV 2048 samples. Measured guantities: Mean and fluctuating velocities U and V.

. Available variables: Boundary layer data, supersonic side for Af, = .51 and 0.86. Mixing layer data: Y, 40 Y5
Y | g1y

Yo.o: Temperature; Mach, Reynolds. §; 4, 0: ele..

U/Un, -[;'1'; v ey u? waer wie w1 aoetrie and non-dimensionalized),

Mecasurement locations: 60; 120; 150; 180; 210 nun. for A = 0.51. X= 120: [50; 165 180 mm lor M. =0.04. X=
180; 210; 250 mw (or M. = 0.86.

Storage size and data format: The dataare in ASCIE format. 80 Kh.

Caontact person: Prof. M. Sannmy

Dept. Mech. Eogg., The Ohio State Univ, 206 West 18ih av,
Columbus, OH 43210-1107, USA

Phone: (614) 292 GUSE

Fax: (614) 2923163

E-mail: swmimy. 1 ¢rosu.edu




REFERENCES

ELLIOTT, G.S. & SAMIMY, M. 1990 Compressibility Effects in Free Shear Layer, Phys. Fluids A 2(7), 1231-1240.
SAMIMY, M. & ELL10TT, G.S. 1990 Effects of Compressibility on the Characteristics of Free Shear Layers. AJAA J. 28,
439-445.

SamiMy, M., REEDER, M.I. & ELLIOTT G.8. 1992 Campressibility effects on large structures in [1ee shear flows, M.
Samimy, Phys. Fluids 4, N. 6, 1251-1258.




L G B
. !

SHL22: Supersonic Plane Turbulent Mixing Layer, M, = 0.525-1.04

Bonnet, Barre & Debisschop

1. Flow description: Twa-strcam supersonic/subsonic, plane mixing laver. The boundary layer in the supersonic
stream is turbulent (fully developed. based on spectra. Log plot, ete. analysis). Development of the ML is given.
N.B A full sei of experiments are obtained at convective Mach number 104, with a pressure drop, see last reference.
Data not proviaed here but available upon request.

2. Geometry: Rectangular exit, 15 cm x 15 em Total length available: 50 cm.
Spliter plate: 80 cm long, 5° . thickness at TL: >~ 0.3 mm.
3. Original sketch: I"': B

,f

4
g
Sonic throat Supersonic nozzle «; v
R e Supersonic side (1)
""" E == s F o

l Subsonic side (2)
Settling chamber
.

4. Flow characteristics: Two stream mixing layer, one side supersonie, the other subsonie. Mach auinbers. supersonic
side: 1.48: 1.65:1.76: 2.: 3.2. Subsonic side:
(.2-0.4 Conveetive Mach Numbers' 0.525; (1535 0.58, 0.64; 1.04

5. Fiow parameters: Hich pressure setiling chamber (4 % 10° 10 12 x 107 Pa). Turbulent boundary layers in the
supersonic sireams & = 12mm; 0 = 97 .96: 96: .7G: .GGovm: R = G.8; &.61 861 6.8 6.3 x 10", The
boundary layers in the subsonic side are very thin (typically fess than Tam),

Mixing layer $nrcading rates depends on convective Mach number.

6. Inflow, outbow boundary and initial conditions: Free stream wrbulence level: supersonic and subsonic sides )
= U/ - TUa)%. .

7. Measurement procedure: Laser Doppler velocimetry: ONERA System and Acrometrics system. S10; sceding. e
Mecasured quantitics: Mcan and {luctuating velocitios (2 compenents). Measurement errors are estimated w 1 % in
mean and 4 % in nns. :

& Available variables: Boundary layer data. supersonic side for M = 3 (A = 1.0D: 1 [T

Mixing fayer data: Yo s Yo 13 Yo oo Temperature: Mach, Reynolds. &6 .2 Gsanfor: 0 10
U, w2y o2, 1 vy wedy w3 (+ skewness, flatness) )
Mceasurcment focations: 2: 107 705 125, 150: 180 2102 240.265: 295 320 mm

9. Storage size and data format: The datvis in ASCIHormat, 300 Kb

10. Conitact persons: Dr )1 Bonnel
LEA-CEAT, University of Poitiers, 43 rue de 1" Adrodrome. 1--86036 Poniers cedex France
Fhone: (33)05 49 5370 3
fax: (33) 0549 53 7001
E-mail: bonnet@univ-poiticrs. v




Dr S. Baire

LEA-CEAT, University of Poitiers, 43 rue de I' Adrodrome, F-86036 Poiticrs cedex France
Phione: (33) 0549 5370 05

Fax: (33) 0549 5370 01

E-mail barte @univ-poitiers.fr

REFERENCES
DEBISSCHOP, J.R., CHAMBRES, O. & BONNET, J.P. 1994 Velocity field characieristics in supersonic mixing layers.
Exp. Thermal und Fluid Science 9, 147-1585,

BARRE, S., BRAUD, P, CHAMBRES, O. & BONNET. J.P. 1997 Influence of inlet pressure conditions on supersonic
twrbulent mixing layers. Exp. Thermal and Fluid Science 14, N, 1, 68 -74.
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1.

3

4.

SHI.30: Round turbulent jet

Hussein, Capp & George

Description of the flow: Axisymmetric jet discharging from a circutar orifice into a large room with stagnant air.
Only the self-preserving far-field is of interest here.

Figure 1: Flow configuration

. Geometry: The only geometrical parameter of interest in the case of an axisymmelric jet issuing into nominally

infinite surroundings is the exit diameter I = Tinch (= 254 cm).

In reality, the room into which the jet discharges is of finite si7e but the enclosure was kept large and designed ©
minimize the backflow momentum (Fig. 2). Tt should be noted that the jet does not issue fiom an orifice in the wall
but the exitis 34 1t from the end wall. The enclosure has a 16 x 16 [Leross-section and is 82 1t long.

Original sketch

[
10
6 e
L
Jet e
© onigin u-f—’-—,;——\—-— frr—
‘,,\\\\\
T
=020
|
- 82 -

Figure 2: Layout of jet facihity (dimensions in feet)

Flow characteristies: After an initial development region. the flow develops self-preserving behaviow: the jet

spreads linearly with o e,

drysef/dr . const = Q.00
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where ry /5 is the jet half-width defined in Fig. 1, and the velocity on the centre-line U, decays as

(Uo/U) = -;—(:::/D ~xy/D) (here B, =5.8)

where 2 is the virtual origin of the jet (here a9 /D = 4). In the sclf-preserving region, lateral profiles of all
quantities at various & collapse when made dimensionless with the local centre-line velocity U, and the downstrcam
distance from the virtual origin.  — 2, or alternatively the local jet half-width 7y ,;. Hence, only similarity profiles,
the spreading rate dry s /da and the decay constant By, need to be given (o define the jet behaviour in the self-
preserving region. The mean velocity U was found to be self-similar for /D > 30, profiles of the turbulence
quantities measured at x/ D = 70 and 100 were found (o be self-similar (measurements at z/ D = 70 are presented).

w

Flow paramieters: The Reynolds number based on the exit velocity Uy and the exit diameter D is Re = UgD /v =
9.55 x 10%, The exit velocity is Up = 56.2 m/s and the turbulence level in the exit flow is 0.58%.

0. Inflow/Outflow/Boundary and Initial Conditions: The mean velocity and turbulence intensity across the jet exit
was measured with a kot-wire probe. The boundary layer at the jet lip was laminar with a thickness dys = .7 mm

so that the exit profile was near top hat. The momentum flux in the self-preserving portion of the jet is 85% of the
momentum flux at the exit.

In any case, the self-preserving state of the jet should be independent of the inflow conditions.

7. Measurement procedures: Velocity measurements were carried out with stationary hot-wires, {lying hot-wire and
a burst-mode Laser-Doppler anemometer (ILDA). The hot-wire-anemometer voltages were digitized and processed
on a computer. The stationary hot-wire has limitations in this flow since the local turbulence intensity ranges from
30% at the centre-line to a value above 100% towards the edge. The flying hot-wire is moved with a velocity of

5 m/s so that the effective turbulence intensity seen by the wire is less than 12% at all locations, A two-channcl

LDA was used working in the back-scalter mode with frequency shift. The signals were processed with a counter
using the resident time weighting technigue, The results obtained with the flying hot-wire and the LDA are very
similar but distinctly different from those ol tained with a stationary hot-wire. Because of the problems of stationary
hot-wires in high-intensity flows, only the former resulls will be included here. The quantities ineasured are the
mean veloeily, the Reynolds-stress components, the triple correlations (second-order moments) and the dissipation
rate on the assumption of the turbulence heing locally axisymmetric. Balances of the turbulent kinetic energy and of
the individual Reynolds-stress components were construc ted from these measurements.
No explicit information is given on the measurement errors and uncertainties for the various quantities. The mea-
sured shear-stress distribution agrees well with the distribution caleulated from the mean velocity and thie spreading
rate, giving confidence in the measurements of the second moments. The stresses are generally higher than measured
previously with stationary hot-wires and in the outer region they are also higher than the measurements obtained by
Panchapakesan and Lumley (1993) with a moving hot-wire, but in a jet whose Reynolds number was smaller by a
factor of 10. There are some uncertainties about the measurements of the dissipation rate leading to a fairly large
pressure-diffusion term near the axis so that the balances presented are considered less reliable und are not included
in the data pravided. They can be obtained from the original paper.

8. Available variables: Spreading rate dry o /da: = 0.09.1, decay constant for centre-line velocity B3y, = 5.8, similarity

—1/2 ~—=1/2 _—
profiles in analytical form of U /U, W™ /U, %7 [U,, w'? e U, o'V U, versus iy = y/(a — 2g)

9. Storage size and data format: Format is ASCIL
10. Contact person: Prof. W.K. George

University of Buffalo, SUNY, 339 Engg Cast, 14260 Buffalo, NY, USA
E-mail: trlbill@eng.bullalo.cdu

REFERENCES
HUSSEIN, T 7. CAPP, S.P. AND GEORGE, W.K. 1994 Velocity measurements in a high-Reynolds-number, momentum-
conserving, axisymmetric, turbulent jet, J. Fluid Mech. 258, 31-75.

PANCHAPAKESAN. N.R. AND LUMLEY, J.L. 1993 Turbulence measurements in axisymmetric jets of air and helium, Part
I. Air jet, J. Fluid Mech. 246, 197.223,
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SHL31: Plane turbulent jet

Gutmark & Wygnanski 0

1. Flow description with sketch: Two-dimensional plane jet discharging-from a rectangular orifice (slot} into stagnant
ambicnt. Only the sclf-preserving far-ficld is of interest here.

Figurc 1: Flow configuration

2. Geometry: The only geometrical parancter of interest in the case of a 20D plane jet issuing into nominally infinite
surroundings is the slot width which was D = 1.3 cm.
However, the finjte sive of the room into which the jet discharges may influence the jet development and hence
information on the size ol this room is given in Fig. 2. The orifice was 1.3 em wide and 50 em long, The jet
developed between two walls of 200 x 200 cm size forming top and bottom. and screens were instatled to climinate
most room draughts,

3. Original sketeh g

S e

A 4 A
1 |
: |
Screens : N
\qi
H i“ 200 cm
! |
I
1 N
dozzs @
-1 v

L 200 cm ~J

Figure 2: Schematic diagram of experimental apparaus

4. Fiow charvacteristies: After an initial development regmon. the flow develops self-preserving behaviow: the jet -
spreads linearly with ». i.c.

dyyppfdr = const = (1,




where y, /; is the jet hati-width defined in Fig. 1, and the velocity on the centre-line U, decays as

Wo U = _11_(.1-/1)—;,:(,/1)) (here A, = 5.32)
iy

where iy is the virtual origin of the jet (here xg/D = 3). In the self-prescrving region, lateral profiles of all
quantities at various x collapse when made dimensioniess with the local centie-line velocity U and the downstream
distance from the virtuat origin, 2 — xq, or alternatively the local jet half-width gy 5. Henee, only similarity profiles,
the spreading rate dy, jo/de and the decay constant A, peed to be given o define the jet bebaviour in the self-
preserving region. The authors state that the flow was found 1o be self-preserving beyoad @/ > 40, but same of
the profiles of turbulence guantities indicate that sell-preservation occurred only beyond 2/ D = 100.

. Flow parameters: The Reynolds number based on the exit velocity Ug and slot width D is e = UgD /1y = 3 % 10t
The turbulence level in the exit fow is 0.2%.

6.

9.

10.

Inflow/Outflow/Boundary and Initinl Conditions: The jet exits from a slol in the wall. Detailed measurciments
are not provided at the jel exit. A top-hat vefovity profile was aimed at by using a strong nozzle contraction. That
this was nearly achieved 1s indicated by the fact that the momentum flux in the jetis 89% of the motaentum flux at
the exit, assuming a top-hat profile.

In any case, the self-preserving state of the jet should be independert of the inflow conditions,

. Measurement procedures: ‘The mean-velocity profile was ineasured with a Pitot tube and a single hot-wire probe.

=

The latter was also used to measure the longitudinal fluctuations whiie the other two fiuctuating compenents were
measured with x-wires and single inclined wires (constant temperature anemometer with lincarizers). Further quan-
titics measured are the intermittency fuctor, the Reynolds stresses with averaging performed only over the turbulent
sones, two-point velocily correlations, dissipation terims and microscales, triple correlutions, The wrbulent kinetie
energy balance was constructed by assuring local isotropy for determining the viscous dissipation.

No direct information is given on the measurement errors. However, the measured shear-suess distribution agrees
fuirly well with the distribution caleulated from the mean-velocity profile and the spreading rate, giving sope con

fidence in the measurements of the second moments The normal stresses are in reagsonable agreement with the
micasurements of Heskestad (1965), and for the v- and w-components this is true also for other measurements re-
viewed in Rodi (1975), but the latter show up to 20% smaller values for cil’l'l“/.’/,.. Hence, stramgely, there is some
uncertainty about this quantity. There arc even greater uncertainties about the measurements of higher moments and
the terms in the kinetic energy balance so ihat these are not included in the data provided. They can be obtained
from the original paper.

. Available variabies: Spreading rate dyy o /da = 0.1, decay constan for cemtre-line velocity 4, - 5.32, similarity

, _ R V2 e v v -
profiles of U/UL w77 UL, o' ! JUe. w' / JUe, vt U versus y /1y g2 (and the corresponding iy = y/ (o~
o))

Storage size and dats format: Forma is ASCIL

Clontact person: Prof. [ Wypnanski
AME dept. Tueson, A7, 85721, USA,
Phone: (602) 621 60RY

Fax: (602) 621 8191

E-miail: wygv@bigdog.engrarizona.edu

REFERENCES
GUTMARK, . AND WYGNANSKI, L1976 The planar turbulent jet, /. Fluid Mech 73, 465 495,

HESKESTAD, G, 1965 Hot-wire measurements in a plane turbulent jet. J. Appl. Mech. 3L - po 1.

RODI, W. 1975 A teview of experimental data of uniform density free turbulent boundary Jayers, in Studies in Convection,
Vol. |, ed. B.F. Laundet, Academic Press, London.
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: Chapter 7.- Turbulent Boundary Layers
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TBLO0O: Flat plate, zero-pressure-gradient TBL

Smith & Smiits

Description of the flow: Flat-plate, zero-pressure-gradient TBL.
Geometry:

The experiments were conducted in a long, subsonic. open return wind tunnel having a rectangular cross-section.
Test section dimensions were 5.8 i long (streamwise), by 1.22 m wide (spanwise) by 0.15 i high (wall-normal).

Sketeh: None needed.
Flow characteristics

The mean flow was approximately two-dimensional as evidenced by agreement with the momentum integral equa-
tion to within £7%. A settling chamber and 6:1 contruction (described below) minimized free stream turbulence
levels, The outer wall, opposite the measurement wall. was contoured to minimize the streamwise pressure gradient.

. Flow parameters

The working fluid was air at existing ambient temperature and pressure.  Ambient conditions were monitored
throughout all experiments, and the temperature did not vary by more ihan 0.2°C during any given tun. Using
an upstream pitol tube, the tunnel flow speed was set to obtain a unit Reynolds number Re, g = 2,100,000 £3%
for all runs. The free stream flow speed was approximately 33 ri/s. Mean flow measurements were obtained at ten
streamwise locations, providing momentum-thickness Reynolds numbers ranging from 4,601 10 13,189, Turbulence
measurements were made at two streamwise locations, at Reynolds numbers of ey & 5,000 and 13,0(X). The static
pressure coclficient varied by less than 4% over the Tength of the test section,

Flow parameters for the mean flow dota files

v | Reg UL T T | c; § 8 Z H 70T 810,/8 ]
(mm) (/s) | n/s) | (m/s) (mm) | (mm) | (;mm)

102177 4,601 1,500 | 3332 3306 | 1291 | 00300 | 1835 | 298 | 218 | 1.37 | 513 | 264
1161 | 4980 11,600 [ 733,39 33.06 | 1.285 | 00296 | 19.82 | 3.20 | 236 | 136 | 513 | 327 |
13027] 5,388 | 1,705 | 32.46 3279 [ 1.234 | 00289 | 21.31 | 348 | 2.50 | 136 | 545 | 292

1451 | SRR | 184773341 33,03 | 1261 | 00285 | 2302 [ 3.76 | 277 | 136 | 543 | 314 |

1721 | 6866 | 2,058 | 3340 [ 3312 | 1.225 | 00269 | 26.65 | 444 | 326 | 1.36 | 646 | 290
2,021 | 77,696 | 27316 | 33.84 | 33.43 [ 1.2207] 00264 ] 30.07 | 493 | 3.03 1367176427 307
(2,523 9148 | 2,712 | 3403 [ 3360 | 1.220 | 00257 | 38.73 | S.837| 432 [ 1.35 | .638 | .300 |
73,0231 710,347 | 3,080 [ 3301713281 | 1073 T 00351 | 41.46 | 6.58 | 4.92 | 134 ] ea0 | 271 |
3542 [ 116087 3,490 [ 3341 | 3323 [ 1179 1 00249 [ 47.04 | 7.3 | 5.52 | 1.33 | .601 | 302 |

4024 [ 13189 V4005 [ 32,97 | 3282 | 1154 | 00245 | 5449|828 | 628 |13 [ ER [ 019

Flow parameiers for the turbulence data files

T Lieo ot Uf,,j Uvey | s Gy ) 1Y 1] 11 a,(,y/ﬂ
(mm) (lj!s)d (m/s) | (mn/s) Jmm)ﬂ gmr)‘!)_ (mm)

021 [ TS021 [ 13TR| 3285 | 3220 | 1236 | 00283 7| 1939 3337 240 | T30 | 660 |
41247 13,052 4087 | 33.04 | 3227 | 1170 | 00251 {5498 813 | 6.227 13175027

Inflow, outflow, boundary and initial conditions:

Ambientair entered the unnet through a targe beli-mouth, passed thiough a honeycomb flow-straightener, having a
grid size of 6.3 mnr and a depth of 76 mm, and into a settling chamber. The settling chamber was 0.91 0 long and
contatned a series of five sereens oriented perpeadicular o the fow dection. The first screen was of apenness ratio
67% (mesh size 0.9 mm by 0.9 mm), and the Last four sereens were of openness ralio 63% (mesh size 1.3 mmr by
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10.

1.3 mmy. The Now exited the setiling chamber, passed through a two-dimensional G:1 contraction. and entered the
test section.

Downstream, the Alow leaving the test section eatered a short, two-dimensional diffusor., followed by o longer, three-
dimensional diffuser. In the two-dimensional dilfusor, a row of vortex generators prevented separation on the outer
wall. A final screen placed between the two diffusor sections helped reduce Tow unsteadiness.

. Measurement procedures:

Static pressure coefficent data were oblained [rom pressure taps along the centerline of the tunnel test wall. At ten
streamwise locations, mean velocity profiles were measured via Pitol probe surveys.

Turbulence measurements were made using single normal-wire hot-wire probes operated in the constant temperature
mode. Reynolds stresses were measured using evossed-wire probes oriented to measure 1w and v, and then w and w
The hot-wire anemometer circuits contiined symmetrical bridges to enhance frequency response. For all runs, the
frequency response was at least 65 Ki/z.

Maxinumi error in pereent relative to the measired value

Ry i a | e | S | g2 T v : 3",',;{ s
emelrm [T u w's
[~ 5,000 |yt 17 |5 | C | - N . - - -
ya=0al s 1wl s | 10 o 3 4 | s |uA| s
u/d =07 3 5 3 5 4 I -1 2 UA 2

TR 13,00 |yt R AT | 15T - - - - A
y/é =01 § 7 S 7 G 1 -4 2 UA 2
y/e=071 3 ) 3 S 4 1 1 2 | UA 2

. Available variables

Mecan fow data consist of mean yvelocity profiles, static pressure cocflicient. and skin friction coefficient at ten
Reynolds numbers. Turbulence data consist profiles of mean and mean-squared values | as well as third and fourth
order moments. of the three velocity companents. Profiles of the ue and e Reynolds stresses and w o and ui? are
also available. The README file accompanying the dita provides Tull details of the available data.

. Storage size and data format: Dataare in ASCH files, requiring approximately S0 Kb of storage. A README file

provides details about file formats.

Contact person: Prof. Alexander 1. Smits

Dicector, Gasdynamics Laboratory, Department of Mechanical and Acrospace Engineering
Princcton University, Princeton, NJ ORS44, USA

Tel: (6091258 S1IT: Fax: (609) 258 2276

E-mail: asmits @ pnce.princeton.edu

hutpAwww.princeton.edu/ gasdyn/People/Lex Smits.hum!

REFERENCES
SMITH. R. W. 1994 Effect of Reynolds Number on the Structure of Turbulent Bowndary Lavers. Ph. D, thesis, Department
of Acrospace and Mcechanical Engincering, Princeton University, Reference nimber 1984-T (Tor a full deseription of the

data)

DUSSAUGE, 1P, FERNHOLZ, HUH. FINLEY, 1P SAMITH, R.W . SAMITSs. AT & Seina, ELF 1995 Turbedent Boundary
Layers in Subsonic and Supersonic Flow, AGARDograph 335
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TBLO1: Turbulent Boundary Layer with No Pressure Gradient

Spalart

Description of the flow: Numerical simulation of a two-dimensional boundary layer with zero pressure gradient.

. Geometry: Smooth flat surface, periodic spanwise and streamwise with multiple-scale corrections 1o model the

streamwise growth. Data from two sets of simulations are included. both using the same numerical code and flow
parameters. In Spalart (1988) the streamwise extent of the numerical is L, = 1008%, and the spanwise extenl
is L, = 2546*. The simulations in Chacin ef @f (1996) are run in a computational box only half as long in the
streamwise direction,

. Sketch: Not needed

. Flow characteristics: The flow is intended to model conditions in a zero-pressure-gradient boundary layer at a

6.

given streamwise position. The computational box is short enough that the streamwise growth is not significant.
and this is explicitly used in the computational scheme. Four cases were originally computed, corresponding to
Rese = 250, 500, 1000, 2000, and used to estimale the stow growth parameters of the boundary layer, which are
then used in the code. Only the two middle ones are included as data sets, since they are now recognised as having
the hest numerical quality.

Flow parameters: Within classical thinking, fieq fully describes the flow. For the two sets included, Rep =
300, 670. The free stream is nominally quict, but the periodic boundary conditions are roughly cquivalent to a
“tripped” layer. Trip “memory™ is clearly an issue for the first set but probably not for the second. The Reynolds
number of the first data set is also marginal for fully developed turbulence, which is traditionally expected to exist
only above Rep =2 320, but this case is used as inlet condition for the simulation in TBL21, and an instantancous
flow ficld is included here for that purpose.

Numerical methods, resolution and resulting uncertainties: The numerical scheme is fully spectral, Fourier in
the streamwise and spanwise directions and Jacobi normal (o the wall, de-aliased in the three directions by the 2/3
rule Spalart (1986; 1988). The multiple-scale procedure discussed in Spalart (1988) provides a fair approximation
to the streamwise growth eflects, including entrainment, The spacing between collocation points is Azt = 20 and
Azt = 7, and the stretched grid in the y-direction is udjusted (o have 10 points within the first 9 wall units. The size
of the collocation grid for the lower Reynolds number case in Spalart (1988) is (128 x 50 x 96) in the -, y- and z-
directions. For the high Reynolds number it is (256 x 64 x 192). For the shorter computational boxes in Chacin er af
(1996) the resolution is maintained by halving the number of streamwise modes. Grid refinement studies conducted
in Spalart (1988) for the lower Reynolds number case suggest that truncation errors due to resolution should be
below 29 Time step is adjusted to a maximum Jocal CEL of 2 (Spalart 1986).

Boundary and initial conditions:
(a) Domain size and truncation: Domain size is given above, Wall normal grid is mapped exponentially with a
scale proportional o the displacement thickness.,
(b) Boundary conditions: Periodic spanwise. No-slip at the wall and {ree-slip at the top of the domain. which is
far in the free stream.
(¢) Inlet and initial conditions: Flow is stremmwise periodic with the corrections mmentioned above. ‘The simula-
tion 1s run until the low is statistically stationary.

. Averaging procedures and resulting uncertainties: Statistics are compiled atter the flow becaines statistically

9.

stationary, and accumulaed during ¢ — 2008° /U . corresponding o about two full flow-throughs at the fice
streani.

Available variables: At It = 300 and 670, profiles from Spalart (1988) contain y, 17, WL, S and the

budgets of w'#, 0™, w2, - w'v’. Viscous diffusion and dissipation are distinet, but not pressure- sirain and pressure
diffusion.

One instantancous flow lield is included tor cach Reynolds number from Chacin ef af (1996). which is essentially a
re-computation of the original flow fields.
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10. Storage size required and present format of the data: 66 Kh, ASCI file for the profiles. 5 Mb binary files for the
low Reynolds number flow ficld. 17 Mb for the high Reynolds number one.

11. Contact person: For Spalart (198R): P R. Spalart
Bocing Commercial Airplane Group. P.O. Box 3707, Seattle, WA 98124-2207, USA
c-malispalart @nas.nasa. gov
For Chacin ef ¢l (1996). B. Cantwell

Dept. Acronautics and Astronautics, Stanford UL, Stanford. CA 94305, USA
e-mail: camtwell@leland.stanford.cdu

REFERENCES

Cuacin, JLM. CanTwelL, B.J. & KLINE. S K. 1996 Study of turbulent boundary layer structure using the invariants
of the velocity gradient tensor. To appear in J. Exper: Thermal and Fluid Sei.

SPALART, P.R. 1986 Numerical simulations of boundary fayers: Part 1. Weak formulation and numerical methods, NASA
T™M-88222.

SPALART, P.R. 1988 Dircet nunerical study of a turbulent boundary layer up o Rep = L0 Fluid Mech. 187, 61-98.




TBL10: Turb. B.L. in Adverse Pressure Gradient

Marusic & Perry

1. Description of the flow: Two flows, called I0APG and 30APG, with upstream velocitics of 10m/s and 30 m/s. Both
start in zero pressure gradient and are then acted upon by an approximaiely constant adverse pressure gradient,

2. Geometry: Flows develop on the 940mm wide Noor of an open return blower type wind tunnel. A contraction
arca ratio 8.9:1 leads to a 4.3m long working section with 68 pressure tappings along the oor streamwise centre
line. Pressure gradients are tmposed by heavy screening at the downstream diffuser and by varying the angle of 12
adjustable louvers in pact of the working section roof. The inclinaticn of the first 1.45m of the waikirg section roof
was varied to obtain an approximately zero pressure gradient on the {loor.

3. Sketch:

Heavy screening

;T”’”“’%w@fwﬁ% fi

g T
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Figure 11 Details of working section (dimensions in mm),

4. Flow characteristics: Two (wo-dimensional adverse pressure gradient turbulent boundary layer flows {ar from
equilibrium.

5. Flow parameters: Ifree stream wirbulence intensity 0.3%.
Mean flow parameters, see table below,

2(nun) Uy [, I Ry
(IOATG)
1200 23.6 1.43 2206
1R8O0 25.4 1.4 31583
2240 28.1 1.49 4155
2640 3L.S 1.5% 5395
2880 34.5 1.64 6395
3080 38.4 1.73 7257
(30APGH
1200 26.4 1.40 6430
1800 28.2 1.41 8588
2240 30.1 1.44 10997
2640 329 1.4¢ 14209
2880 352 1.54 16584
3080 38.1 1.60 19133

x is the streamwise direction; U, is the velocity at the edge of the boundary layer: u, | friction veloeity; 11y, momen-
tum thickness Reynolds number; 71, shape factor,

6. Inflow, outflow boundary and initial conditions: Should be taken from initial and linal profiles and imposed
pressure distribution,



166

7. Measurement procedures:
(1) Measured Quantities: Mcan flow profiles. Reyrolds shear stresses, all three components of the Reynolds
norimal stresses and measured spectra.
(b)Y Measurcment Errors: Not citod
(c) Cther supporting information: Mcan flow profiles from pitot-static probe. Wall shear from Clauser chart

and Preston tube. Turbulence quantities from stationary and flying X hot wires.

8. Available voriables: Mcan flow profiles. Reynolds shear stresses, all three components of the Reynolds normal
stresses and measured spectra,

Np]

. Storage size required and file format: Profiles SO Kbytes, Spectra 6 Mbytes. ASCIH fifes.

10. Contaet person: 1. Marusic
Department of Mechanical and Manufacturing Enginecring. University of Melhourne, Parkville. Victoria 3052,
Australia
e-maikivan @ mame.mu.ov.au

REFERENCES
MARUSIC, 1. & PERRY, A E. 1995 A wall-wake model for the turbulence structure of boundary layers. Part 2. Further
experimental cupport. J. Fluid Mech. 298, 389-407.
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TBI.11: Turb. B.L. in Adverse Pressure Gradient; Numerical

Spalart & Watmuff

1. Description of the flow: Numerical simulation of a two-dimensional boundary layer with sequentially favourable
and adverse pressure gradients. The simulation was intended to replicate experimental data, compiled especially for
that purpasc, and which are also included in the data sct. Only the simulation is described here. For a description of
the experiment, see Watmuff (1990); Spalart & Watmuff (1993).

2. Flow geownetry: 3-D computaticnal box, periodic in the streamwise, -, and spanwise z-directions, with streamwise
corrections discussed above. All lengths are expressed in meters while velocities are normalised with the free-stream
velocity U, al the inlet. The useful length of the experimental flat plate was 1.5 m, and the boundary layer was tripped
at 2z = 0.15. Free-stream pressure was controlled by a contoured upper wall, convergent from z = 0.2 to 0.6 and
divergent thereafter. The resulting pressure distribution is shown in the sketch below. The computational region
cxtends from z: = 0.3 to 1.1, but only the region from 2 = 0.4 to 2 = 11is considered useful, The restis used by the
numecrical “fringes” described below. The boundary layer remains atiached and, at the beginning of the comparison
region, is fully turbulent with thickness of the order of §* = 1.9 mm. The spanwise extent of the computational box
is L, = 0.09.

3. Sketch:

0.5 . . [ |
___ computed ////'
| useful
I
l J°00F ]
|
!
I
i
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0.0 0.5 1.0 1.5 2.0

x (m)

Figure 1: Computational domain and experimental pressure distribution outside the boundary layer.

4. Flow characteristics: The flow accelerates fiom a €, near O to near —0.4, which helps erase the memory of the tip
and of the inflow condition. After that the (', returns 1o about 4-0.05 in the region covered by the DNS, although
the experiment went farther. The boundary layer remains attached. and thickens until it reaches flep =~ 1750 and
H = 1.6. A zero-pressure-gradient boundary layer at the same ftep would be H 22 1.45.

5. Flow pavameters: The Reynolds number per meter is 4.28 x 10%, and Rey is 530 ot the beginning of the com-
pavison region. The pressure cocfhiciens are given in the sketeh  The free stream is nominally quiet and the two-

| dimensionzlity of the expeniment was checked to be of the order of 1-2% over spanwise distances of 20 cm.
i 6. Numerical methods, resolution and resulting uncertainuies: Fully spectral method. Fourier in the 7 and z
directions. Jacobi polynomials in y, matched to an exporential mapping (Spalart ¢f af 1991). Sircamwise boundary
,layer growth is compensated by a “fringe” method in which an exua term is applied to the equations inr = (113 —
O.4)Yand @ = (1 - 1.1), restoring the outgoing flow to the desired inflow condition (Spalart & Watmuff 1993}, The
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9.

10.

collocation grid is (960 x 82 x 320). Dealissing is done in the three directions by the 2/3 rule. Based on the highest
mcan skin friction in the box, the distance between collocation points is Azt = 20. Az = 7.3. The wall normal
stretched prid has [0 points below y* = 9. Numerical quality parameters are discussed in Spalart & Watmult
(1993).

. Boundary and initial conditions:

(a) Domain size and truncations: The boundary layer is essentially fully developed as it reaches the domain
numecrical domain, and relaxes further due to the favourable pressure gradient. The lateral extent of the large
cddics was estimated from the two-point correlation function to be of the order of 0.02 al # = 1, compared to
the computational box size L, = 0.09.

(b

-

Boundary conditions The pressure distribution outside the boundary layer is controlled in the experiment by a
contoured upper wall. In the simulation, it is controlled by tailoring the behaviour of the wall-normal velocity
at boundary at large y. Velocity and stress profiles are given at inflow. Qutflow is not critical.

(<) Inlet or initial conditions: Generated by the fringe method described above.

. Averuging procedures and resulting uncertaintics: Mcan values are averaged over the span, and over time. A

filter of streamwise width & 0.02 is also applicd. The statistical sample is formed by 100 velacity ficlds, covering a
wial tine of about 0.81/U,. or about one full flow-through.

Available variables: The simulation data are given at 7 = 0.55 10 1 by 0.05. The file has y. .17, G, u'’?, 1-13, ﬁ,'_'z‘
—u'v', The sume data are given [rom an accompanying experiment from r = 0.2 10 2 by 0.05, in TBL12.
Storage size required and file format: 67 Kbytes, ASCH file.

. Contact person: P. R. Spalart

Bocing Commercial Airplane Group
P.O. Box 3707, Seattle, WA 98124-22007, USA
c-mail:spalart@nas. nasa. gov

REFERENCES
SPALART, P. R.. MOSER, R. D. AND ROGERS, M. M. 1991 Spectral methods for the Navier-Stokes equations with one
infinite and two periodic directions, J. Comp. Pliys. 96, 297-324.

SPALART, P.R. & WATMUIF, J.H. 1993 Experimental and numerical investigation of & trbulunt boundary laver with
pressure gradients, J. Fluid Mech. 249, 337-371.

WATMUTFF, J.H. 1990 An experimental investigation of a fow Reynokds number wirbulent boundary Tayer subject to an
adverse pressure gradient. /989 Ann. Res. Briefs, CTR, Stanford, pp. 37-49.




TBL12: Turb. B.L. in Adverse Pressure Gradient; Experimental

Watmafl

. Description of the fiow: Incompressible, two-dimensional, turbulent boundary-layer flow. Downstream of a trip the
pressure gradient is initially favourabie to allow the turbulence to mature without undue increase in Reynolds num-
ber. The pressurc gradient then becomes adverse. The experiment was especially devised to match the conditions of
the dircet numerical simulation TBL 11,

. Geometry: Flow develops on the 1.0m wide 2.1m Jong floor of an open return blower type wind tunnel. A contrac-
tion arca ratio 5:1 leads (o the initially 0.24m high working section. Pressure gradients arc imposed by a flexible
ceiling and the test section has two Plexiglas sidewalis.

. Sketch:

Ceiling

Flow

Trip © - Comparison region L .
S i e B a s SRS A E LS A{Afllllliﬂél T
0.2 0.4 0.6 0.8 1.0 1.2 1.4

X

-

Figure 1! Flow configuration ({from Spalaut & Waimuff, 1993).

. Flow characteristies: Two dimensional favourable and adverse pressure gradient turbulent boundary layer Now.

. Flow parameters: lrec stream turbulence intensity at end of confraction is 0.2%. Reference velocity Upep at
entrance to the test section, v = 0, is 6.5 m/s giving a reference unit Reynolds number of 4.28 x 10* m . Reynolds
numbers based upon momentum thickness are below 1600, well within the range tor which low-Reynolds-number
effects” are known to occur in zero pressure gradient.

. Inflow, outflow boundary and initial conditions: From initial and final profiles and imposed pressure distribution,
. Measurement procedures;

(a) Measured Quantities: Wall static pressure distribution. skin friction distribution. mean flow profiles, Reynolds
shear stresses, all three components of the Reynolds normal stresses. Mean flow and Reynolds stress profiles
measured at SOumun intervals along wnnel centreline from & = 0.2m to 2.0m, 1.e. 37 profiles.

(b) Measurement Errors: Not tabulated but some discussion in references.

(¢) Other supporting information: All mean velocity and turbulence data obtained from normal and X wire
hot-wire probes attached to a high-speed three-dimensional computer-controlled traversing mechanism. Wail
static pressure measured al 44 tappings. Skin [ricton from Preston tubes.

. Available variables: As in Measuied Quantities, above.
. Storage size required and present format of the data: 65 Kbytes ASCII fite.

. Coniact person: P. R. Spalart
Bocing Commercial Airplane Group, P.O. Box 3707, Scuttle, WA 98124-2207, USA
c-mail:spalart@nas nasa.gov
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REFERENCES
SPALART, P. R. & WATMUFF, J. . 1993 Experimental and numerical study of o turbulent boundary layer with pressure
gradients, J. Fluid Mech. 249, 337-371.

WATMUFF, J.H. 1990 An experimental investigation of a low Reynolds number turbulent boundary layer subject to an
adverse pressure giadient. 1989 Ann. Res. Briefs, CTR. Stanford, pp. 37-49.




TBL20: Closed Separation Bubble

Alving & Fernholz

Description of the flow: Turbulent boundary fayer on a smooth, axisymmeiric budy exposed to an adverse pressure
gradient of sufficient strength to cause a short region of mean reverse flow (“separation’). The pressure distribution
is tailored such that the boundary layer reattaches and then develops in a nominally zero pressure gradient,

. Geometry: The test surface was a hollow aluminium circular cylinder, 1.65m in length and 0.25m in diameler. ity
axis aligned with the flow and preceded by a 0.3m elliptical nose cone. The boundary layer was tripped at the nose-
cane/eylinder junction. The test surface was surrounded by a concentric, perforated cylinder forming the outer wall
(diameter 0.61m) and ended at a perforated end plate. This outer wall was shaped, as shown in the sketch below, to
produce an sdverse pressure gradient at the start of the test eylinder.

. Sketch:
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Figure 15 Sketeh of the facility.

Flow characteristics: Flow over and downstream of an adverse pressure pradient mduced separation bubble. The
flow reattaches in a mild adverse pressure gradient and then develops in a nominally zero pressure gradient,

. Flow parameters: Reference Reynolds number, Uptiroat [17 = 1.62 % 105/m. Free stream turbulence intensity 0.2%.
Mecan flow parameters, see table below.
Inflow, outflow boundary and initial conditions From initial and final profiles and imposed pressure distribution.
Measurement procedures:
(1) Measured Quantities: Muan flow profiles, Reynolds shear stresses, all thiee components of the Reynolds
normal stresses third and fourth order moments.
(b) Measurement Errors: For pulsed wire n? & 3%, ~ue + 204 0% 4 30%.

{¢) Other supporting information: Mean flow piofiles and tbulence quantities from single and X hot wires
excepl in regions of reverse luw or ligh wrbulence intensity where pulsed wires were used. Wall shear from
Clauser chart and pulsed wire,

. Available variables: Mean flow profiles, Reynolds shear stresses, all thiee components ol the Reynolds nonmal
stresses third and fourth order moments.

9. Storage size required and file format: 2060Kbytes, ANCIH file
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r(m) £ Cp dCyjdr UL UG X Cren Crpue Soa(m) J(m) H Rea
0.175 -2.2 0398 2.18 0.75 0.0 0.00185 0.00249 0.0149 0.0023 1.9 2850

0275 -1.5 0566 1.34 0.65 9.6 0.000587 0.00065 0.027 0.0046 2.2 4850
0,325 -1.2 0.595 Q.S58 0.61 28.0  0.00031 0.00026 0.034 0.0063 24 6RS0
0.425 -0.6 0.623 0.27 0.61 74.0 -0.00025 0.047 0.0076 3.2 7520
0.525 0.0 0.656 032 0.57 47.0 0.00005 0.051 (0.0078) (2.4) (7200)
0.625 07 0.679 0.19 0.57 7.0 0.00057 0.00080 0.063 0.0113 209 10400
0.725 1.3 0.688 0.056 0.56 0.2 0.00110 0.00151 0.066 0.0123 175 11200
0825 1.9 0.690 0.036 0.50 0.0 0.00160 0.00193 0.074 0.0129 1.55 11700

0.925 2.6 0.689 -0.010 0.56 0.0  0.0020 00022 0.079 0.0129 143 11700
1.025 32 0.688 -0.024 0.56 0.0 00022 00024 0079 0.0127 1.37 11400
1.225 4.4 0.6856 -0.019 .55 0.0 00025 00026 0.090 0.0133  1.30 11900
1.475 6.1 0.685 Q.000 0.56 0.0 00026 00027 0.103 0.0148 1.25 13300

Table 1: 2 streamwise from tripwire location; € = (2= Zyeate )/ (Preatt = Taep)i erp = 0361 10T 0pr = 0.518 nslUp [ Uy
potential velocity extrapolated to wall / velocity at throat; x probability of reverse flow at the wall: Cyey from Clauser
plot; Cype from pulsed wire: Req momentum thickness Reynolds number; 11 shape factor.

10, Contact person: AL, Alving
Aerospace Engineering & Mechanics, University of Minnesota, Minncapolis, MN 55455, USA
e-mail:alving @acm.umn.cdu

REFERENCES
ALVING. A.E. & FERNHOLZ, H.H. 1996 Turbulence measurements around a mild separation bubble and downstream of
reattachinent. J. Fluid Mech, 322, 297-328.

ALVING, A.E. & FERNIOLZ, H.H. 1995 Mean-velocity scaling in and around a mild, turbulent separation bubble. Phys.
Fluids 7, 1956-1969.
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TBL21: Mild Separation Bubble

Na & Moin

1. Description of the flow: Numerical simulation of a turbulent boundary layer with adverse pressure gradient and a
closed mild separation bubble.

2. Flow geometry: 3-D computational box: the streamwise extent of the domain is 350 8;,,. the vertical heightis 64 47,

and the spanwise extent is 50 87, where 87, is the displacement thickness at the inlet of the computational domain
(sce sketch below). All values are normalised with 65, and with the free-stream velocity U, at the inlet.

3. Sketch:
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Figure 1. Computational domain of separated turbulent boundary layer.
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Figure 2; Mcan stucamlines.

4. Flow characteristics: A suction-blowing veloeity profile was preseribed along the upper boundary of the com-
putational domain to create an adverse-to-favourable pressure gradient that produces a closed separation hubble.
Turbulent structures emanating upstream of sepuration move away from the wall into the shear fayer in the detach-
menl region and then turn around the bubble. Tso-surfaces of negative prassure fluctuations which correspond o the
core regian of the vortices show that large-scale structures grow in the shear layer and merge with one another, They
then impinge on the wall and subsequently convect downstream. The characteristic Strouhal number St = fé;, /U,
associated with this motion ranges between 0.0025 10 0.01. The locations ef the maxima of wall-pressure fluctua-
tons and Reynaolds shear stress aceur downstream of the reattachment zone. Contour plots of two- point correlation
of wall-pressure tluctuations are highly elongated in the spanwise direction inside the separation bubble implying
the presence of large 2-D roller-type structures. The convection veloeity determined from the space-time correlation
of pressure fluctualions is as fow as 0.3307, in the separated zone and increases downstream of reattachment.

t
1
i
|
3
5. Flow pavameters: The Reynolds nunmiber based on inlel momentum thickness and maximum mean socamwise
velocity at inlet is 300, The height of the separation bubble is about two inlet boundary layer thickness (22 206;,).
and ity leagth is about 75 8,,,.
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6. Numerical methods, resolution and resulting uncertainties: The incompressible Navier-Stokes and continuity
cquations arc integrated in time using a semi-implicit scheme with the modified fiactional step procedure (Le &
Moin 1991), which advances the velocity field through the Runge-Kutta substeps without satisfying the continuity
cquation, Continuity is only enforced at the last substep by solving a Poisson cquation. A low-storage, third-order
Runge-Kutta scheme (Spalart 1987, Spalart er al 1991) is used for treating convective terms explicitly and the
second order Crank-Nicholson scheme is used for implicit treatment of viscous terms. All spatial derivatives are
approximaled with second-order central difference schemes. The grid spacing is uniform in the streamwise and
spanwisc directions. Based on the inlet wall shear velocity Ar™ = 18.3 and Az* =~ 10.5. In the wall-normal
direction the grid spacing is minimum at the wall, Ay 2 0.11, and maximum in the free-siream, Ayh = 22.7.
The number of cells in the grid is 512 x 192 x 130, in 7, y and =z.

7. Boundary and initial conditions:

(2) Domain size and truncations: Sce point 2 above

(b) Boundary conditions The suction-blowing velocity profile shown in Figure 3 is preseribed along the upper
boundary of the computational domain.

.
100
Figure 3: Suztion-blowing velocity distribution along the upper houndary.

(c) Inlet or initial conditions

Inflow tarbulence is generated by sequentially feeding at the inflow plane a frozen DNS ficld randomised by
amplitude factors. Phase angle information is considered more important than the amplitude factor in that
it is clasely related to turbulence structures. and the phase angles of the frozen field are not changed dusing
the procedure of generating inflow turhulence. The technique attempts to get physically realistic velocity
fluctuations using an already validated IDNS data and superposes them on a given mean velocity profile at the
iflow pline. The mean velocity profile is taken from zero pressure gradient simulation in Spatart (198R) at
Reg = 300 (see TBLOL). Using a single realisation of his 3-13 flow ficld, the three components of the velocity
fluctuations u.’,(.:u ¥. =) are caleulated by subtracting the mean velocity 3, (y) from the instantancous velocity
Uy (3, 2),

wh(eoy, 2y = uy (e ey =0, (1

From Fouricer cocfhicients obtained by transforming u", m the strcamwise and spanwise directions,

ﬂ;(}":l.‘/:k:) = |l’l’J|li'>‘

anew el is constructed by jivtering lfi’)] with read random numbers a,, inthe ranpe 0.8 < ay < 1.2,

('ﬁi’),”.”. =a, (b y. k. )|u;| o (2)

The new coefficients are transformed back to physical space to abtain o Buctuating velocity nicld, which is then
superitiposed on the tong-time mean velocity profile, and fed into the computtional domain using Taylor's
hypothesis. In other words. the streamwise coordinate r of the mput field is fed as inlet boundary condition
the tme £ = 2/, where {7 1s a convection velochy. Bowas cheeked that changing [ the range O.8(7,- F,
resulted in neglipible differences i the statistics of a zero pressure gradient turbulent boundary fayer, and
consequently U = 7, was used throughout the present study. Afler the whole randomised ficld is fed into the
inlet plane, it s reeycled by usmg a new set of o, in (2). At the exit ol the computational box, a convective
boundary condition is used.
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9.

10).
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Averaging procedures and resulting uncertaintics:

The mean velocity components, turbulence intensities, and pressure are calculated on a staggered grid. Thus, the
pressure is obtained at ccll centres and velocities at the cell surfaces. Statistical averages were performed over the
homogeneous spanwise direction and time and, hence, single point statistics are functions oi both = and y. The data
were sampled every 10 calculation time steps, at equal time intervals At; = 0.367, /Uy, and the total averaging time
wis 22508, /1, equivalent to about 7 *flow-through” times, defined as the full travel time of fluid particles outside

the separation bubble.

An idca of the statistical uncertaintics can be had from the rm.s. value of the time-averaged field of the spanwise
velocity w, which should vanish everywhere. The spatial average of this mean ficld is ~ 10 "8, but its spatial r.m.s,
value is 1.5 x 10~*, which is 5% to the r.m.s. value of the velocity itsell w' = 0.03.

The corrclation functions arc averaged over 60 instantancous ficlds scparated by 7.5 time units. They thercfore
cotrespond o roughly one fifth of the averaging time for the mean values. Their statistical uncertainty can be
estimated by comparing the zcro-separation corrclations with the turbulent intensities of the longer averages. The
differences are.

' v ow u

4% 3% 8% %

Available variables: Two-dimensional (& —y) maps of mean and r.an.s fluctuations of the three velocity components
and pressure, plus T, Reynolds shear stress (Figures 4-5). Because of staggered-mesh numerical method, the
velocities are known at the cell faces, while the pressure, and w in a two-dimensional projection, arc known at the
centres. This has been respected in the time-averaged flow ficlds, which are therefore separated into three files, cach
with its own, slightly staggered, grid. The Reynolds stresses are given interpolated at the locations of both the u and
v velocilies.

¥/8,

X/§,, =50 100 150 200 250 300 350
Figure 4: Contours of mean streamwise velocity.

yI§,, =60

Figure 5: Contours of longitudinal turbulence intensitics.

Two-puint small-separation correlation functions of the w-w. v-v, w-w, and w-v velocity components, computed for
six cross-flow slabs, centred at & = 80.5,122.4, 160.7, 220.0. 270.2, 321. L., and cach one spanning Ar = 7. These
locations are those for wich momenrtum balances ave computed in (Na & Main 1990). These are full five-dimensional
correlation functions ina, o', y, ', and 2 — 2, as explained in chapter 2.

Storage size required and file format: Approximately 1 Mb of binary data for the averaged fickds. Approximately
35 Mb of binary data for each of ihe six correlation slabs.

. Contact persor.

Yang Na
U. 1hnois, 104 S, Wight St Urbana, 1L 61801
canail: yangna@uiuc.cdu
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TBL22: Small Separation Bubble on Isothermal Wall

Spalart & Coleman

1. Description of the flow: Numerical simulation of a small two-dimensional turbulent separation bubble, with heat
transfcr on an isothermal wall.

2. Flow geometry: 3-D computational box, periodic in the streamwise, z-, and spanwise z-directions, with sireamwise
corrections discussed above. All values are normalised with the height H of the computational domain and with
the frec-strcam velocity U, at the inlet. The streamwise extent of the domain is L, = 10 and the spanwise extent
is L. = 1.43, but the useful rcgion extends only from z = 1.3 to 8.7. The momentum thickness at z = 1.3 is
& = 0.0105, and the temperature deficit thickness A = 0.0119. The boundary layer thickness, defined by the 2%
spanwisc vorticity isoline, is § = 0.24.

3. Sketch: Not available.

4. Flow characteristics: The momentum and temperature boundary layers are turbulent at the inflow and first relax in
a scttling region, about 76 long. Strong adverse and then favourable pressure gradients cause separation (negative
mean skin friction) and rapid rcattachment on z = 5.85 — 6.85. The highest point of the separating streamline is
y/é = 0.5. Instantancous flow reversal occurs far upstream of mean reversal, and streaks disappear. Surprisingly,
heat transfer peaks near separation. Also, negative turbulent kinetic energy production and counter-gradient heat
flux are found in a small region.

5. Flow parameters: Reynolds number based on the length of the useful region is about 160,000. Ry = 230 at inflow.
Pr =0.71.

6. Numerical methods, resolution and resulting uncertainties: Fully spectral method, Fourier in the z- and 2-
directions. Jacobi polynomials in y, matched to an exponential mapping (Spalart ef al 1991). Streamwise boundary
layer growth is compensated by a “fringe” method in which an extra term is applied to the equations in z < 1.3 and
z > 8.7, restoring the outgoing flow to the desired inflow condition (Spalart & Watmuff 1993; Spalart & Coleman
1997). The collocation grid is (600 x 200 x 256), with 30 out of the 200 points in the y-direction above the upper
boundary at y = H. Dealiasing is done in the three directions by the 2/3 rule. Based on the highest mean skin
friction in the box, the distance between collocation points is Azt = 20, Azt = 7.3. The wall normal stretched
grid has 10 points below y* = 2.5. Numerical quality parameters are extcnsively discussed in Spalart & Coleman
(1997).

7. Boundary and initial conditions:

(a) Domain size and truncations: The main problems in this simulation are the short settling region for the
incoming boundary layer after the inlet fringe, and the low Reynolds number. The boundary layer never attains
a fully-developed profile and, in particular, never develops a logarithmic law. Also, there is no space for a
proper recovery of the layer after reattachment.

(b) Boundary conditions The flow is controlled by suction and blowing through an inviscid boundary at y = H,
given by
Viop/Us = _\/QVGEQXP(O-S - 52)7 where § = (z - z.)/0,

and V, = 0.435, z. = 6.5 and 0 = 1.22. Inflow velocity, temperature and stress profiles are given. Velocity
and temperature fields are turbulent at inflow. Outflow is not critical.

(c) Inlet or initial conditions: Gencrated through the fringe method described above.

8. Averaging procedurcs and resulting uncertainties: Mcan values are averaged over the span, and over time. A
filter of streamwisc width = 0.1 is also applicd. The statistical sample is formed by 429 velocity and temperature
fields, covering a total time of about 24H /U, or about 2.4 full flow-throughs.

VI wl —wo. TR

9, Available variables: At 12 strcamwise stations, wall-normal profiles of mean U, V', T, ¥, PERTERTERON O

=T, ~T'v' w2, wil, w?. Also the wall Cp and Cy and Stanton numbers.

10. Storage size required and file format: About S00Kbytes, ASCII file.
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I1. Contact person: P. R, Spalar
Bocing Commercial Airplanc Group, PO, Box 3707, Scattle, WA 98124-2207, USA
c-mail:spalart @ nas.nasa.gov

REFERENCES
COLEMAN, G.N. & SPALART, P.R. 1993 Dircet numerical simulation of o small separation bubble. Int. Conf. on Near-
Wall Tirbudens Flows, Mar. 15-17, ASU, Tempe, A7. (So. Speziale & Launder, editors). Elsevier, 277-286.

SeaLART, P.R. & COLEMAN, G.N. 1997 Numcrical study of a separation bubble with heat transfer. Ewvop. JJ. Mech. B
16, 169-189.

SPALART, P. R., MOSER, R. D. AND ROGERS, M. M. 1991 Spectrat methods for the Navier-Stokes equations with one
infinite and two periodic directions, J. Comp. Phys. 96, 297324,

SPALART, P.R. & WATMUFE, J.H. 1993 Experimental and numerical investigation of a turbulent boundary Tayer with
pressure gradients. J. Fluid Mech, 249, 337-371,
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TBL30: Boundary Layer with Surface Curvature

Johnson & Johnston

Description of the flow: The effects of concave curvature on turbulent boundary layer structure investigated using
flow visualisation and three-componentI.DA.

. Geometry: Large, low-speed, free surface water channel, Inner, movable walls define the flow channel. Nominal

flow velocity 15 cnv/s. Flow measured on vertical concave wall. Convex wall opposite the test wall contoured to
minimize pressure gradients on the test wall, The channel width as function of sticamwise distance from the start of
the bend s given in the table betow:

2 (cm) w (cm) z (cm) w {cm)
-360.0 24.92 45.0 24.54
-244.0 25.66 71.0 24.67
-122.0 20.32 96.0 24.68
-69.0 26.61 122.0 24.82
2.0 25.52 147.0 25.32
20.0 24.21 172.0 25.36

Sketch:

Figure |: Dimensions in cm of the concave test wall.

. Flow characteristies: lnitially 21 wrbulent boundary layer subjected to sudden concave curvature at entry Lo a 90°

bend. By 7567 into the bend the boundary layers from concave and convex walls have merged.

. Flow parameters: Mcan flow parameters, sec table below.

Influw, outflow boundary and imitial conditions From initial and final proliles and peometry.
Mecasurement procedures:

(0) Measuved Quantitics: Mcan flow profiles, Reynolds shear stress, —uti , all three components of the Reynolds
norial stresses and third and fourth order moments.




Station

15° 45° 60°
z (em) 35.6 106.8 142.4
Upw (cm/s) 15.32 15.05 15.26
u,(cm/s) 0.715 0.755 0.790
Cy 00436 .00503 00536
dyp (cm) 9.29 11.62 12.51
# (cm) 1.11 1.33 1.23
Ry 1813 2121 1952
II 1.33 . 1.24 1.20

Table 1: x streamwisce; U, polential velocity extrapolated to wall: u, friction velocity; 2o momentum thickness Reynolds
number; i shape factor.

(b) Measurement Errors: In U less than 1%, in velocity fluctuations less than £:3%. In the transport terms,

vu?, vv?, and vi?, over 100% in some cases in the near wall region. For ur, £3% and C'y £5%. See references
for details

(¢) Other supporting information: Mean flow profiles and turbulence quantitics from two colour, three beam,
laser-Doppler anemometer. Flow visualization by coloured dye and laser induced fluorescence.

. Available variables: Mcan flow profiles, Reynolds shear stress, —uv , all three components of the Reynolds normal
stresses and third and fourth order moments.

. Storage size required and present format of the data: 43Kbytes ASCII file.

. Contact person: James P. Johnston, Thermosciences Division, Department of Mechanical Engincering, Stanford
University, Stanford, California 94305-3030, USA. e.mail: johnston@vk.stanford.cdu

REFERENCES

BARLOW, R. 5. & JOHNSTON, J. P. 1988 Structure of a turbulent boundary layer on a concave surface, J. Fluid Mech.
191, 137-170.

JOHNSON, P.L. & JOHNSTON, J. P. 1989 The cffects of grid-gencerated turbulence on flat and concave turbulent boundary
layers. Report MD-53 Dept. of Mcch. Eng. Stanford University.
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TBL31: Relaxing Turbulent Boundary Layer

Woebster, DeGraaff & Eaton ot

1. Description of the flow: The investigation was performed in a low-speed wind tunnel having the dimensions given
under "Geometry” below. Since the flow did not separate, hot-wire ancmometry was sufficient {or measurement
of the mean and fluctuating velocities. Because of the complex velocity profiles, an oil-film technique was uscd to
measure focal skin-friction. The uncertainty in the mecasurements is acceptably low and is summarized in the table.
Measurements werz made at three momentum-thickness Reynolds numbers, 1500, 2500, and 4000. These are all
in the "low Reynolds number” range (ie., below 5000) but also thus in a range to be calculated by LES without an
inordinaic demand for computer resources. The results cannot be directly compared to other experiments because
the geometry has not been duplicated elsewhere. However, the characteristics of the flow have been examined in
the light of other work, such as flow over a convex or concave curvature and found to be consistent. The relative
simplicity of the flow, tac fow measurement uncertainties, and the care in providing details needed by simulators
invite consideration for use in developing LES capabilities.

2. Geometry: A flat plate boundary layer over a faired, two-dimensional bump, 305 x 20 mm, in a rectangular test
section of constant cross-scction, 152 x 711 mm,

3, Ske* -

LS oL

h=201 IR Y

4928

Figure 1: Sketeh of test-section and bump geometry. All dimensions in mm.

4. Flow characteristics: Two-dimensional, incompressible, turbulent boundary layer, attached flow everywhere over )
the bump. T

5. Flow parameters: Air at nominally room conditions; Ry = 1500, 250¢, 4000

6. Inflow, outflow boundary and initial conditions: Inflow was standard 2-D boundary layer: outflow was ncarly _ ‘
standard and was measured. .

7. Measurement procedures:

SRS IR VRN AL 0 | K

Al (a) Measured quantities: All components of velocity and Reynolds stress (hot-wire), wall-pressure, and skin
) friction measured using an oil flow fringe imaging technique.

(b) Measurement errors: 3% in velocity: 5% in normal and 10% in skew components of Reynolds stress; 5% in
skin frictivn.

(¢) Other supporting information:
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8. Available variables: Mcan velocity, wall pressure, skin friction: ail Reynolds stress components,
9. Storage size required and present format of the data: 274Kbytes ASCII file.

10. Contact person: J.K.Eaton Department of Mechanical Engincering, Stanford University, Stanford, California
94305-3030, USA. e-mail: caton @ vk.stanford.edu

REFERENCES

WEBSTER, D.R., DEGRAAFF, D.B., AND EATON, J.K. 1996 Turbulence Characieristics of a Boundary Layer Over a
Two-Dimensional Bump, J. Fluid Mech. 320, 53-69




Data Sheets for:
Chapter 8. Complex Flows
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CMPO00: Flow in a square duct — Expcriments

Yokosawa, Fujita, Hirota, & Iwata

. Description of the flow: These arc the experiments of Yokosawa er al (1989). Air was blown through a flow meter
and a settling chamber into a square duct. Mcasurements were performed 90 duct widths downstream where the
flow was fully developed.

. Geometry: Cross-section: 50mm x 50mm x 4500mm, Bellmouth nozzle, 6:1 contraction

. Sketch:

A3

U—-—W

v <l
T

Figure 1: Geometry and cocrdinate system for experiments (from Fig. 1 of Yokosawa er al, 1989).

\I

. Flow characteristics: The fully developed flow exhibits axial vortex pairs (crossflow) in cach corner, Only the data
for the case of all four walls smooth is included here.

. Flow parameters: Reynolds number: U1 /v = 6.5 x 10%; U is the bulk velocity, approximately 21mv/s: D is the
hydraulic diameter. Mean velocity at the duct centre approximately 25 m/s.

. Inflow, outflow, boundary, and initial conditions: Uniform, low-turbulence flow at cntrance; flow open to atno-
sphere at exit; flow judged fully developed duct flow at measurement station.

. Measurement procedures:

(a) Measured Quantities:

Mean primary flow velocity, U,

Mean secondary flow velocitics, Uy and Uy
Mean normal suesses, uG,1=1,2,3
Mecan turbulent stresses, Tuy and Wy

Local wall shear stiess, 7,
(b) Measurement Uncertainties:
Uy: 1.4%;, Uy and Uyt 6%
wyurs 2.4%; uzug and iy 8.6%

Ty and uruy: 4.9%
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8. Available variables: Quantitics described above, measured in a quarter section of the duct.

9. Storage Size and File Format: The data are contained in onc text file of approximately 32KB. They are in sets of
columns with a descriptive header and labels.

10. Contact person: Prof. Masafumi Hirota
Dept. of Mech. Engr.
Nagoya University
Furo-cho, Chikusa-ku
Nagoya 464-01 Japan

REFERENCES
YOkosawA, H., Fuiita, H., HirRoTA, M., & TwaTa. S. 1989 Mcasurcment of turbulent flow in a square duct with
roughencd walls on two opposite sides. Intl. J. Hear and Fluid Flow 10, 125.

Fuiita, H., HiIRoTa, M., & YOKOsAawa, H. 1990 Experiments on turbulent flow in a square duct with a rough wall,
Memaoirs of Faculty of Engr.. Nagoya U. 41, 28(.
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CMPO1: Flow in a square duct — Simulation

Huser & Biringen

Description of the flow: This is the simulation of Huser & Biringen (1993). Turbulent flow of an incompressible,
constant property fluid through a straight squarc duct was simulated for fully developed conditions (no further
evolution in the strcamwise direction). Statistics were collected after the simulation reached a steady stale.

Geometry: The computational domain dimensions were 1 x 1 x 6.4, Periodic boundary conditions were specified
in the strcamwise dircction,

Sketch:

R, 3

Figure 1: Geometry and coordinate system (from Fig. 1 of Huser & Biringen, (993).

Flow Characteristics: The secondary flow is of prime importance since it is generated solely by the interaction
of the turbulent stresses. Thus adequate calculation of the turbulence is crucial 1o an accurate overall simulaticn or
modelling.

. Flow Parameters: This deceptively simple gcometry is described by une paramcter only, the Reynolds number. For

the simulation presented here, the Reynolds number based on the mean friction velocity and duct width was 600.

. Numerical Methods and Resolution: The time-splitting method of Le & Main (1994) was used to advance in time.

A Lagrangian polynomial method was used o obtain the finite differences for first and second derivatives in the wall-
nonnal direction on a stretched. staggered grid. Fifth order upwind-biased differences were used for the conveclive
terms in ali three directions. ‘This will introduce artificial dissipation, whicih may affect spectra and correlations. but
is necessary since explicit dealiasing is not possible. The momentum equations were solved by using fourth-order
central differences for the viscous terms in the wall-normal direction. The pseudo-spectral Fourier method was
implemented in the streamwise direction to calculate the viscous terms and 1o solve the pseudo-pressure equation,
The pseudo-pressure equation in the wall-normal direction was discrelized by fourth-order contral differences. The
grid for the results presented here was 101 x 101 x 96.

. Boundary and Initial Conditions: '

(a) Domain size and truncations: Size: 1 x | x 6.4

(b) Boundary conditions: No slip on the walls; periodic in the sucamwise direction.

- e S N S N e e e i



(¢) Inlet or initial conditions: The calculations began with a laminar flow perturbed randomly, then run until a
statistically steady state was obtained. This was achieved at a nondimensional time, based on friction velocity
and duct width, of 60. This corresponds to a flow distance of about 1300 widths, far beyond the entrance
length in experiments. It should be noted, though, that this is achieved at constant pressure gradient while
experiments are run at constant mass flux. The latter converge much faster than the former which should
therefore be evaluated carefuily in this regard.

8. Avcraging Proccdures and Uncertainties: Long-timie statistics were oblained by averaging the flow field in the
homogencous direction, over the four quadrants, and in time for a nondimensional time duration of 15 A fric-
tion factor of 0.027 was computed, slightly lower than 0.020 of experiments. A lower resolution simulation was
computed, 81 x 81 x 61, which gave results very similar to those included here.

. Available Data: The data in this database are mean streamwise and secondary velocitics. all three components of
the mean vorticity, the mean pressure and all the components of the mean strain rate tensor; all the companents
of the Reynolds stress tensor, the skewness and flatness of the velocity components, the pressure, and the praducts
of velocity components; kinetic cuergy, dissipation rate, enstrophy, and streamwise vorticity budget terms; terms off
the wransport equations for mean streamwise and transverse velocities, mean streamwise and (ransverse velocities
squarcd, and products of streamwise and ransverse velocitices.

Full, smali-separation correlation functions for the velocities are also provided.

. Storage Size and File Format: The data are contained in twelve text files totalling approximately 6 Mb. Each
variable is presented in a group corresponding to a value in the first group which is the distance from one wall and
subscquent groups for the other distances from the wall (51 groups for each variable corresponding to ST distances
from the wall). The data is given for one quadrant of the duct since averages were taken over the four quadrants.
The correlations are in a single binary file (with header) of 115 Mb.

. Contact Person: Prof. Sedat Biringen
Dept. of Acro. Engr.
Univ. of Colorado
Boulder, CO 80309 USA

REFERENCES
HUSER, A., AND BIRINGEN, §. 1993 Dircct numnerical simulation of turbutent flow in a square duct. J. Fluid Mech. 257,
65.

LE, II. AND MOIN, P. 1994 Dircet numerical simulation of turbulent flow over a backward facing step, Technical Report
No. TF-58, Department of Mcechanical Engineering. Stanford University.

HUSER, A, BIRINGEN, S., AND HATAY, F. 1994 Dircct simulation of turbulent flow in a square duct: Reynolds-stress
budgets. Phys. Fluids 6 no. 9, 65.
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CMP10: Flow Around A Circular Cylinder

Cantwell & Coles

. Description of the flow: This is the experiment of Cantwell & Coles (1983), the near * ~ke of a smooth circular

cylindei.

. Geometry: A cylinder 2.97m in length and 10.14 ¢ in diameter was mounted in a wind tunnel test scction of

circular cross-section. Velocity measurements were made in the first eight diameters downstream in the wake.

. Sketch:

00

Figure 1: Geomeltry and coordinate system

Flow characteristics: The flow is that of a smooth circular cylinder placed normal to a uniform approaching flow
at a Reynolds number of 140.000. This is large enough to create a {ully turbulent wake but have laminar separation
(subcritical) which generates turbulent vortices in a nearly periodic fashion,

. Flow Parameters: Reynolds number: D /v = 140,000; U is the frec-stream velocity, approximately 21.2m/s:

D is the cylinder diameter. Al these conditions the Stroubal number, fD /U7 = 0.179.

. Inflow, outflow, boundary, and initial conditions: There was uniform. low-turbulence approach flow: the test

section extended beyond the measurement range (eight diameters) downstream. The test section was 10 feet (3.05m)
in diameter. There were end plates on the cylinder.,

. Measurement procedures: The primary instrument was a hot-wire probe. either single or crossed-wire, mounted

on an arm rotating at a high speed which increases the relative velocity component along the probe axis (a "llying
hot-wire";. Thus the angle of the velocity vector relative to the probe axis remains in an acceptable range.
The hot-wire signals were recorded digitally and sampled in phase with the vortex shedding detected by a fast
pressure sensor on the cylinder. Ensemble averages of the data thus provide a "frozen” ficld of velocity as a function
of phase angle. Variations from these averages are measures of the wrbulence in the field, also a function of phase
angle.
(a) Mcasured quantitics:

Mean streamwise and transverse velocities: {7} and {7y

Mean Products: u?, w2, wy g, b, vyl

Third and fourth powers: uf, u3. «}, ul

Intermiteney

Maxima and minima of these variables for each profile
(b) Measurement Uncertaintics:

Uyvand Uy 1%

Products: 5%

Third and fourth powers: 25%




9. Storage Size and File Format: Approximately 7.5 MB of data are <tored in 19 text files. They are self-explanatory
except that UN or UREFN, where N = 1,2, 3, 04, refers to U™ or U fp.

10. Contact person: Prof. Brian Cantwell
Dept. of Acro. and Astro,
Stanford University
Stanford, CA 94305 USA

REFERENCES

CANTWELL, B., AND COLES, D. 1983 An Experimental Study of Entrainment and Transportin the Turbulent Near Wake
of a Circular Cylinder. J. Fiuid Mech. 136, 321.
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8. Available variables: Quantitics described above.
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CMP20: Flow Around A Square Cylinder

Lyn, Einav, Rodi & Park

1. Description of the flow: This is the experiment of Lyn & Rodi (1994) and Lyn et al. (1995), the flow around a long
square cylinder moanted wansversely to an oncoming uniform flow.

2. Geometry: The cylinder was 40mm in width and 392mim long mounled in the rectangular test section of o« water

channel 392mm by 560mm (blockage 7.1%). Velocity measurements were made above the upper surface and behind
the cylinder up to eight diameters downstream,

3. Sketch:
T R T T T L)
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Figure 1: Coordinate system and location of measurement points.,

. Flow characteristics: The fiow is around a long square cylinder in a water channel at Reynolds number of 22,000.
Al this Reynolds number the flow is approximately periodic with a Strouhal number of 0.133 + 0.004,

. Flow Parameters: Reynolds number: UD/1r = 22,000, U is the free-stream velocity, approximately 0.54m /s, D
is the cylinder widta, 40mm. Al these conditions the Strouhal number, fD/U = (0.133.

. Inflow, outflow, boundary, and initial conditions: The approach flow three cylinder widths upstream had a wrbu-
lence level of abcat 2% and a centreline mean velocity deficit of about § 10 10%. Though measurements of mean
velocity, wywy, and wawy are available, calculations should be started further upstream if uniform conditions are
desired.

- Measurement procedures: The data are compilations from single-component laser-Doppler velocimetry (LDV)
and two-component LDV experiments. The single-component (streamwise) measurements are clustered just above
the upper surface of the cylinder where it would be difficult w project the laser beams necessary for the second
component of velocity. Bragg cells were employed to provide an offset frequency necessary o capture the reversal
of fiow direction in regions of separation. A low-pass filtered pressure signal from a tap on the cylinder side-wall
was used to obtain a reference phase for phase-averaging the velocity measurements. Twenty phase-bins were used.

(a) Measured quantities:

Mean streamwise flow velocity, U/,
Mcan transversc flow velocity, Uy

Mecan normal stresses, Ty, Uatiy

Mean turbulent stress, s
Forward-flow-fraction of both U} and U,
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(b) Mcasurcment Unccrtaintics:

Uy and Uy: 5% of approach velocity
upa and oty S%
w1510 25%

8. Available variables: Quantitics described ahove, measured in the upper hall planc. Measurement locations arc
shown in the figure under Skeich,

9. Storage Size and File Format: The data is stored in 21 text files tolalling approximately 804 KB. The first 20
files contain data from each of 20 phase angles during a period of the vortex shedding. The 21st file containg data
averaged over all the phases.

10. Contact person: Prof. Wollgang Raodi
Universitit Karlsruhe
Kaiscrstr. 12
D-76128 Karlsruhe, Germany
c-mail: rodi @bau- verm.uni-karlsruhe.de

REFERENCES
LYN, D.A., RODI, W. 1994 The Flapping Shear Layer Formed by the flow Separation from the Forward Corner of a
Squarc Cylinder. J. Fluid Mech. 267, 353,

LyYN, D.A., EINAV, S., RODI, W., PARK, J.H. 1995 A Lascr Doppler Velocimeter Study of Ensemble Averaged Charac-
teristics of the Turbulent Near Wake of a Square Cylinder. J. Fluid Mech. 304, 285,
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CMP30: Backward Facing Step - Simulation

Le & Moin

. Description of the flow: This simulation is that of Le & Moin (1994) matching the experiment of Jovic & Driver

(1994), (1995), the flow of a fully developed turbulent boundary layer over a backward facing step. Before the step
there is a short entry region over which the boundary layer develops. Beyond the step, there is a long recovery region
before the flow exits the domain.

. Geometry: The computational domain is shown in the sketch. For the simulation included here, the various di-

mensions shown on the sketch are given by L; = 10h, L, = 30h, L, = 6h, L. = 4h. The expansion ratio is
1.2

. Sketch: (See sketch under experiment of Jovic and Driver, CMP31.)

. Flow Characteristics: The backstep flow results in separation of the turbulent boundary layer as it flows over

the step followed by a recirculation zone under the separated boundary layer. The boundary layer reattaches at a
mean distance down-stream of the step of 6.28A. In the separated region, there is a free shear layer separating the
recirculation region from the rest of the flow. This free shear layer exhibits many of the features of a mixing layer.

. Flow Parameters: There are two relevant flow parameters in this flow. One is the Reynolds number Re), = 5100,

which is based on the inlet mean velocity at the upper (no-stress) boundary and the step height 1. The other is
the ratio of the inlet boundary layer thickness to the step height §/h = 1.2, where ¢ is the 99% thickness. The
inlet boundary layer (statistics taken from the DNS of Spalart [4]) thus had a Reynolds number Res = 6100, a
displacement thickness Reynolds number Re* = 1000, and a momentum thickness Reynolds number Rey = 670.

. Wumerical Metheds and Resolution: The numerical method used in the simulations is a seeond-order staggered

grid finite difference method. It is described in detil, along with the code implementing it in Le & Moin [1]. The
grid spacing in the streamwise and spanwise directions was uniform with 768 and 64 grid points respectively. In
the wall-normal direction 193 grid points were used. They are distributed nonuniformly, according to the following
mapping:

Koy |1 = tanhyi (¥ - §) 0<€E<y
y = tanh 719
v . tanh o (¢n —

I+ Koy(shz — ) [1 - —t%ff;h—a] N<ESL,

where L, = 6k, n/h = 21875, 44 /h = 1.1. yp = 2.2, ¢/l = 6, 7o = 0.7963. A uniform distribution of grid
point in & then results in the desired point distribution in y.

. Boundary and Initial Conditions: In the spanwisce direction, periodic boundary conditions are used. and the lower

boundaries (inlet and recovery scctions, step {ace) are no-slip walls. The upper boundary is a no-stress boundary,
with the sreamwise, normal and spanwise velocities (u, v and w respectively) satisfying
o
dgu Juw
v=0 and —=—5—=0

Oy~ Oy
Since the flow is statistically stationary, the initial conditions are not relevant. However, the inflow conditions are
very important. Inflow conditions were generated as a random process designed to match the specira and Reynolds
stresses of the boundary layer DNS of Spalart (1988). The technique is described in detail in Le & Moin (1994).
The outflow boundary condition is given by
du . Ou
at o’

where U. is the convection velocity, which is independent of y and z and is selected to balance the mass fiow at the
mlet.
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8.

10.

Averaging Procedures and Uncertainties: All the data provided from these simulations arc obtained by computing
the appropriate quantities from the simulated velocity fields and averaging in the homogencous spatial direction, z,
and time, The averages in time are taken over a period of approximatety 109/ /Uy, where Ug is the velocity at the
upper (no stress) boundary.

There arc three potential sources of uncertainty in this data. Firs® are the numerical discretization ervors introduced
in the numerical simulation. The numerical method is a second or >r finite difference. Further, due to computer time
and memory restrictions, the grid resolution was limited, especia ly in the spanwise dircction. The consequences
of this arc discussed in Chapter 5. The second uncertainty is stati: ical. which arises from computing the averages
over a finite domain size and a finite time. The third source of uncertainty is duc to the finite domain size of the
numerical simulation. However, if an LES is done in the same domain with the same boundary conditions, then a
comparison can be made without ervor due to the domain size. A related issue is the effect of the artificial inlet (and
outlet) conditions, which is also discussed in Chapter 5.

. Available Data: Provided are the mean velocitics, nontrivial components of the Reynolds stress tensor and pressure

variance as a function of x and 3. Note that all of these data are computed from unfiliered velocily felds, so care
must be exercised when comparing these data directly to LES results. Finally, the small separation velocity -velacity
two-point correlations required to compute filtered versions of the second order statistical profiles as described in
Chapter 2 are provided for several r-locations.

Storage Size and File Format: The data is provided in a total ¢f 7 binary files, one for the one point statistics
and one cach for the 6 z-locations at which the small separation two-point correlation is provided. Total storage is
approximately 56 Mb.

. Contact person:

Prof. Robert Moser

Dept. of Theor. Appl. Mcech.

Univeisity of [llinois, Urbana-Champaign
Urbana, IL 61801 USA

REFERENCES
LE, H. AND MOIN, P. 1994 Dircct numerical simulation of turbulent flow over a backward facing step, Technical Report
No. TF-58, Department of Mechanical Engincering, Stanford University.

JOVIC, S., AND DRIVER, D, 1994 Backward-facing Step Mcasurements ai Low Reynolds Number, Rey = 5000, NASA
Tech Memo 108807.

Jovic, S., AND DRIVER. D. 1995 Reynolds Number Eftect on the Skin Friction in Separated Flows Behind a Backward-
facing Step. Laper Fluids 18, 464,

SPALART, P.R. 1988 Dircct simulation of a wrbulent boundary layer up to Re = 1410, J. Fluid Mech. 187, 61.
(Also see CMP31.)




[

195

CMP31: Backward Facing Step - Experiment

Jovic & Driver

. Description of the flow: This is the experiment of Jovic & Driver (1994); 1995), the flow of a fully developed

turbulent boundary layer over a backward facing step. The approaching boundary layer was at a Reynolds number
Ry = 610.

. Geometry: The flow is that of a boundary layer passing over a backstep in the wall. The test section is symmetrical

in that a mirror image boundary layer and backstep is located on the wall opposite that tested (see figure), forming a
doublc-sided expansion. The channel height upstream is 96mm and downstream {15mm. The channel aspect ratio
was 31 to avoid 3D effects.

. Sketch:

P i

;1 Copir.

3 screens

Development Test section
section ,
5.0

v Ont to Can and
Houndary yer | g o | Rolermor prosuniag 1.5
dat{ bmm ' b
wip ' y’ 120,96 atmosphere
1 X
‘ 1.6 | 8.4 ‘_ o 135

Figurc 11 Geoinetry of experimental sctup (I'rom Jovic & Driver, 1994).

Flow characteristics: A wind tunnel with the fan at the exit was used to generate a fully developed turbulent
boundary layer over a flat plate to a backward facing step. The opposite wall was & mirror image plate and step to
form a plane of symmetry at the tunnel centreline and an expansion ratio of 1.2,

. Flow Parameters: Reynolds number: Uh/i- = 5000; U is the cenureline velocity ahead of the step, approximately

7.7m/s; huis the siep height.
Boundary layer ahead of step: § = 11.5mm: 6 = LTmm: 8 = 1.2mm; H = 1.45; C; = 0.0049; Iy = 610.

. Inflow, outflow, boundary, and initial conditions: Boundary layer developing along a straight duct: profiles mea-

sured. Qutflow: At end of long straight duct after step.

. Measurement procedures:

(a) Mceasured quantitics:
Instrumentation: LDV with frequency shifting for directional resolution; laser-interferometer for oil-flow mea-
surement of skin friction (sce sketch); surface pressure taps.
Mean flow velocities, Uy and U,
Mean normal stresses, Upi . Uatiy

Mean turbulent stress. s
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Local wall shear stress, Ty

Surface pressures
(b) Mcasurcment Uncertaintics:

Mean velocitics: 2%
Reynolds stresses: 15%

Pressure cocfficient: 0.0005
8. Available variables: The above quantitics averaged over time.
9. Storage Size and Filec Format: Approximately 7 KB of time-averaged data are stored in one text file.

10. Contact person: David Driver
NASA Ames Rescarch Center
Moflett Field, CA 94035

REFERENCES
Jovic, S., AND DRIVER, D. 1994 Backward-facing Step Measurements at Low Reynolds Number, Rey, = 5000. NASA
Tech Memo 108807,

Jovic, S., AND DRIVER, D. 1995 Reynolds Number Effect on the Skin Friction in Separated Flows Behind a Backward-
facing Step. Exper. Fluids 18, 464.
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CMP32: Backward Facing Step - Experiment

Driver & Scegmiller

1. Description of the flow: This is the experiment of Driver and Seegmiller (1985), a fully developed turbulent
boundary layer over a {lat plate and a backward facing step.

2. Geometry: The flow is *hat of a high Reynolds number boundary layer passing over a backstep in the wall of height,
h, 12.7mm forming an expansion ratio of 1.125. The channel height upstream is 8h, and the channel width is 12h,
The wal] opposite the step was either parallel to the wall with the step or diverging a1 6 deg. Only the data from the
straight wall case is included here.

3, Criginal Sketch:

DIVIDING STREAMLINE

’_L Yo / RECIRCULATING FLOW

x/H—

SEPARATION REATTACHMENT

Figure 1: Geometry of experimental setup (from Driver & Secgmiller, 1985).

4. Flow characteristics: A low speed wind tunnel was used to generate a fully developed turbulent boundary layer
over a flat plate and a backward facing step. The opposite wall was either parallel to the boundary layer wall (data
reported lere) or diverging at 6 deg beginning at a point opposite the step (data not reported here). The approaching
boundary layer was at a Reynolds number [y = 5000 and Mach number of 0.128.

5. Flow Parameters: Reynolds number: Ul/v = 37500, I7 is the centreline velocity ahead of the step, approximaltely
44,2 mJ/s; h is the step height,

Boundary layer 4h upstream of step: § = 19man; §* = 2.7min; 8 = 1.9mm; H = 1.42; €y = 0.0029
6. Inflow, outflow, boundary, and initial conditions: Inflow: Boundary layer developing along a straight duct; pro-
files measured. Outflow: At end of long straight duct afier step.
7. Measurement procedures:
{a) Measured quantities:
Instrumentation: LDV with frequency shifting for directional resolution; faser-interferometer for oil-flow mea-
surement of skin friction; surface pressure taps.
! Mean flow velocities, Uf) and Uy
Mean normal stresses, Uy, Tp i
Mean turbulent stress, i us
Local wall shear stress, 7.

Surface pressures

(b) Measurement Uncertainties:
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Mcan velocitics: 1.5%
Reynolds stresses: 12%
Pressurc coefficient: (0.0002

8. Available variables: The above quantitics measured in profiles along the duct.
9. Storage Size and File Format: Approximately 10 KB of time-nveraged data are stored in anc text file.

10. Contact person: David Driver
NASA Ames Rescarch Center
Moffeti Ficld, CA 94035

REFERENCES
DRIVER, D.M., AND SEEGMILLER, H.L. 1985 Features of a Reattaching Turbulent Shear Layer in Divergent Channcl
Flow. AJAA J. 23, 163.
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